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Introduction
The material properties of semiconductors can be investigated by electrical and optical
methods. Spectroscopic ellipsometry (SE) is a very versatile and robust optical measure-
ment technique. It allows destruction-free analysis of the optical properties of materials
and material systems. The first ellipsometer for a single wavelength (even though the
term "ellipsometry" was only coined later) was build by Paul Drude in 1888 [1]. SE
became successful only during the last decades because of the improvements in available
computation capabilities. Nowadays, SE has various applications, e.g. in the determi-
nation of the thickness and composition of very thin layers and their dielectric function
(DF) and is very often employed for studying semiconductor structures such as thin
films or resonators [2, 3].
The DF in dependence on the charge carrier density of a semiconductor is a quan-
tity, which can be theoretically predicted [4, 5], but whose experimental verification
is still very challenging. The understanding of the fast charge carrier dynamics in the
femto-second range after optical excitation is still a subject of current research [6]. Time-
resolved SE can provide a very sensitive tool to investigate the response of a semicon-
ductor to optical excitation. Supplementing such time-dependent data with a model DF
can yield quantitative knowledge about the influence of the charge carrier density on the
change of electronic transitions.
There have been several attempts to obtain the dielectric function as a function of
time after photoexcitation. Studies employing time-resolved ellipsometry or polarized
reflectance measurements can be found in the literature and especially the realization
of such spectroscopic measurements poses a challenge [7–15]. An early attempt was
made by Auston et al. [7], who realized a pump-probe Null ellipsometer. Therewith the
temporal evolution of the plasma density in germanium was studied with a time reso-
lution of 10 ps. The change in the refractive index after photoexcitation was measured,
but it was not possible to obtain information on the extinction coefficient. A fast time-
resolved ellipsometer was established by Jellison in 1985 [8]. In a PCSA1 setup with a
Wollaston prism as analyzer, ellipsometry with a time resolution of 2 ns given by the dy-
namics of the photodiodes, was established. Interestingly, they mention the possibility
to use a streak camera as detector. Following this idea some basic experiments regarding
time-resolved SE applying a streak camera have been conducted by Steffen Richter at
Universität Leipzig. Alternatively, the pump-probe approach combined with SE was
tested. [16]. It was concluded from these experiments, that a pump-probe technique is
1polarizer, compensator, sample, analyzer
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favorable in order to have larger pump intensities, which makes the treatment of back-
ground signals easier. Polarized reflectance measurements employing a CaF2 white light
probe beam were reported by Roeser et al.. [12]. A dual angle of incidence technique
enabled them to obtain the DF of GaAs from their reflectance data. In a more recent
approach Boschini et al. presented a pump-probe SE setup including magneto-optics
[15]. They used a continuum white light (supercontinuum) probe pulse using sapphire
enabling them to measure the response of a broad spectral range but without the UV
part.
The aim of this work is to develop a setup for pump-probe SE with femtosecond
time-resolution in order to obtain the dielectric function at different excited charge
carrier densities and its dynamic behaviour in the visible to UV spectral range. The
performance of the setup will be exemplarily discussed and demonstrated on a ZnO thin
film and a single crystal. This material system was chosen since its time-independent
(static) dielectric response is well-known and there is a large need to understand the
temporal behaviour of its optical properties in order to optimize relevant properties of
various applications such as lasing media [17], waveguides [18], photodetectors [19] and
optical switches for UV light [20].
The dielectric function of ZnO in dependence on the charge carrier density can pro-
vide deeper insight in the physical processes involved in strongly excited ZnO-based
micro/nano wires and microresonators, which are studied extensively at Universität
Leipzig [6, 21–24].
Preliminary experiments were conducted at Universität Leipzig to gain valuable in-
sight into this measurement technique. A conclusive setup for time-resolved SE was then
installed at ELI Beamlines (Dolní Břežany, Czech Republic).
Preliminary experiments with the available micro-photoluminescence setup at Uni-
versität Leipzig were conducted with the help of M.Sc. Steffen Richter and M.Sc. Tom
Michalsky. The extension of the setup with the delay line was realized together with
Dipl.-Phys. Jörg Lenzner and the mechanical workshop of the physics faculty. The
laboratory software and data analysis software was written in cooperation with M.Sc.
Steffen Richter. The improved setup at ELI Beamlines was planned and constructed in
close cooperation with the working group research program 4 (RP4) led by Jakob An-
dreasson, PhD. In particular, the laboratory work was conducted together with Mateusz
Rȩbarz, PhD, Miroslav Kloz, PhD and Shirly Espinoza, PhD of RP4 and M.Sc. Steffen





1.1.1 Crystal and band structure
ZnO is a II-VI semiconductor crystallizing in the wurtzite structure at ambient condi-
tions. The wurtzite structure consists of a hexagonal close-packed lattice with a diatomic
base (figure 1.1a). The lattice constants of ZnO are a = 3.25 Å and c = 5.2 Å [25].
Figure 1.1: a Wurtzite crystal structure of ZnO with lattice constants a and c (taken
from reference [26]), zinc atoms are shown in red and oxygen atoms in blue. b Band
structure of ZnO calculated using the pseudo-potential method (taken from reference
[27]).
It has a direct band gap with a large band gap energy of Eg = 3.36 eV at room
temperature [28]. A band gap is called "direct", if kv = kc is true, where ki are the
quasi-momentum wave vectors of the states with the highest energy of the valence (v)
band and the lowest energy of the conduction band (c), respectively. The valence band
in ZnO is split up into three valence bands, because of the spin-orbit interaction and
the crystal field [2]. Two of them have Γ7-symmetry, one has Γ9-symmetry. The valence
band with the lowest energy has Γ7-symmetry, whereas the symmetry of the upper bands
3
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is under discussion in the literature. It follows from the symmetry of the bands, that
optical transitions from the Γ9-valence band to the Γ7-conduction band are not allowed
for ~E||c, where ~E is the vector of the electric field strength of an incident electromagnetic
wave.
The valence bands are labeled A, B and C with increasing spectral distance to the
conduction band. Their energy differences are ∆EAB = 4.9 meV and ∆EBC = 43.7 meV
at 1.6 K [28]. The effective electron and hole masses are me = 0.28m0 and mh = 0.59m0
where m0 is the rest mass of an electron. The static dielectric constant in ZnO is ε = 6.5
[28].
1.1.2 Excitons
Absorption of a photon can lift an electron from the valence band to the conduction band
leaving a vacancy ("hole") in the valence band. The electron and the hole interact via
Coulomb forces forming an electron-hole pair, which is called exciton [29]. The concept
of an exciton was first proposed by Frenkel in 1931 [30]. An exciton is electrically neutral
and a boson since it consists of two fermions [31].
This quasi-particle obeys hydrogen-like states because it consists of a positive charge
(hole) surrounded by a negative one (electron). The well-known solution of the Schrö-
dinger equation for the hydrogen atom can be used in a modified form to describe the











where aB is the hydrogen Bohr radius, n and 13.6 eV are the principle quantum number
and the Rydberg energy of the hydrogen model. The reduced mass of the exciton
µ = memh
me+mh
is imposed by the electron me and hole mass mh. According to the material
constants of ZnO excitons can be stable at room temperature and above due to the free
exciton binding energy of about Eb = 60 meV. The Bohr radius amounts to aXB = 1.8 nm,
which is considerably larger than the lattice constant of ZnO [25].
The resonance energy of a free exciton in ZnO is then given by the sum of the respective










Here kX is the wave vector of the exciton’s center of mass.
At room temperature the resonance energy of the A,B-excitonic transition is close to
EA,BX = 3.3 eV and their spectral broadening amounts to approx. 20 meV [25], which is
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larger than their spectral separation ∆EAB, such that these transitions cannot be clearly
distinguished in e.g. reflection measurements.
1.2 Dielectric function and electronic transitions
1.2.1 Electronic transitions
Electronic states in a semiconductor and their energy are described by the band structure
of the semiconductor in the first Brillouin zone, which is shown for ZnO in figure 1.1b.
The probability of an optical transition between different bands is determined by its
oscillator strength f , which depends on [32]:
• selection rules for transitions in dipole approximation. In particular, neglecting
spin-orbit coupling the initial and final state of the transition must have different
orbital angular momentum quantum numbers l, i.e. a transition from an s-like
orbital (l = 0) to a p-like orbital (l = 1) would be allowed.
• joint density of states (jDOS) of valence and conduction bands. The jDOS
shows maxima at energies, where the dispersion of the involved bands is parallel.
In particular, the jDOS has van Hove singularities [33] at the energies of so-called
critical points (CP) of the band structure where |∇kE (k) | = 0. Optical transitions
are most likely to occur at the van Hove singularities. The dimensionality of the
system under consideration has also an influence on the type of the critical points.
There are four types of critical points in 3D space labeled as Mi with i = 0, 1, 2, 3.
The CP transitions cause typical features in the spectra of the imaginary part of the
dielectric function of a semiconductor [32]. In other words, the jDOS is represented in
the DF. The DF can be deduced from ellipsometric measurements or in other words
ellipsometry allows to probe the joint density of states of a semiconductor sample by its
DF.
1.2.2 Dielectric function
An external electromagnetic (EM) wave with an electric field strength vector E (k, ω)
determined by wave vector k and angular frequency ω produces a displacement field D
inside a medium. The macroscopic optical properties of a three-dimensional anisotropic
mediumin the approximation of low electric field strength can in general be described
by a tensor of second rank ε̄ [34]
D (k, ω) = ε̄ (k, ω) E (k, ω) . (1.3)
The tensor ε̄ (k, ω) is the complex-valued dielectric function (DF) depending on both,
wave vector and angular frequency. The magnitude of k is rather small (µm−1) for
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photons, which are able to induce electronic transitions in semiconductors. Therefore,
the dependence of the DF on k is typically neglected (local response theory) and one
approximates ε̄ (k, ω) ≈ ε̄ (ω) [32]. The DF is accounting for the fact, that D is in general
not parallel to E in an anisotropic medium. It has in the general non-magnetic case six
independent components [34]
ε̄ (ω) =
 εxx εxy εxzεxy εyy εyz
εxz εyz εzz
 , (1.4)
due to the symmetry requirement εij = εji. A symmetric tensor can always be diagona-
lized by a transformation to the coordinate system of its principal axes, i.e. εij = εiδij,
where δij is the Kronecker delta. The DF can therefore always1 be represented (cf. figure




2 = const. (1.5)
Figure 1.2: Graphical representation of the real part of ε depending on the direction
of the polarization direction of the electric field in an (a) isotropic material and in a (b)
uniaxial material like ZnO
In the case of an uniaxial crystal like ZnO, with c being the symmetry axis, one has
equality between two principal dielectric constants εii and usually defines εx = εy = ε⊥
resp. εz = ε‖, when the z-axis is defined parallel to the c-axis of the crystal. The ellipsoid
is then invariant under rotation about the z-axis. The z-axis is then also called optic
axis.
1This is possible in the general case at least for one photon energy at a time.
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Several transitions resulting from excitonic, phononic or plasmonic states can con-
tribute to the DF. The contribution of a transition at ω0 with spectral broadening γ
near its resonance frequency to the DF is given by [35]
ε = ε∞ +
f
ω20 − ω2 − iγω
, (1.6)
where ε∞ is the summarized contribution of energetically higher resonances. f represents
the oscillator strength of the transition, which depends among other parameters on the
dipole matrix element of the transition. In the case of small damping there is a useful
relation involving the real part of the dielectric function, which is the so-called Lyddane-









Here, ωL,T are the longitudinal resp. transverse phonon frequencies of the oscillator,
whose ratio is a constant for a given energy. εlow and εhigh is the value of the DF for
energies far below and above the resonance energy, respectively.
1.3 Charge carrier dynamics
Laser pulses can create electron-hole pairs in a semiconductor. The average distance
between the electron-hole pairs decreases with increasing density. Therefore, interactions
between them become more important for high pulse powers.
The optical properties of a semiconductor with a large number of excited charge
carriers can be described by the semiconductor Bloch equations (SBE). The SBE can be
derived from many-body quantum field theory [4]. By solving the SBE, a quantitative
description of the optical response functions of ZnO in dependence on the charge carrier
density has been provided by Versteegh et al. [5] and is shown in section 1.3.2.
Typically, one distinguishes three different regimes of charge carrier density for excited
semiconductors: excitonic, intermediate and electron-hole plasma regime. High charge
carrier density can lead to exciton screening and shrinkage of the fundamental band gap,
which are introduced in the following paragraphs. These effects are expected to happen
on a (sub-)picosecond time scale and can be studied using time-resolved reflectometry
or ellipsometry, which is in the scope of this thesis.
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1.3.1 High excitation effects
Electron-hole plasma For highly excited semiconductors the density of electron-hole
pairs np is so large, that the interactions among them cannot be neglected anymore. At
a certain density their average distance becomes similar to the exciton Bohr radius [29]
a3Bnp ≈ 1. (1.8)
and a transition to the electron-hole plasma (EHP) phase can occur. The distance
between excitons becomes in this case smaller than the exciton Bohr radius thereby
making the exciton concept inapplicable. This critical density is often called the Mott
density nM referring to the metal-insulator transition in highly doped semiconductors.
In the literature, there are different ways of defining the Mott density [29].
It is seen from equation (1.8), that materials with larger exciton Bohr radius require
less pump power to produce an EHP. This equation gives also a rough estimate of nM.
For ZnO with aB = 1.8 nm the Mott density according to equation (1.8) would amount
to nM = 1.7 · 1020 cm−3, which is higher than reported experimental values from the
literature [35, 37]. This discrepancy is related to that the fact, that equation (1.8)
considers only the packing of solid spheres in a given volume and not the interaction of
charged particles in their electric fields.
Screening An increase of the charge carrier density to the order of nM has important
consequences for the binding energy of the excitons in the semiconductor. The Coulomb
potential of every exciton is strongly screened by the surrounding charge carriers. The
screened Coulomb potential Vs (x) can be modeled by a Yukawa potential of the form
[29]











where x is the distance between electron and hole and l is the screening length. The DF
as well as l depend on the charge carrier density. A comparison between the Coulomb
potential and the screened Coulomb potential is shown in figure 1.3.
It is seen, that screening leads to a reduction of the range of the originally long-range
Coulomb potential. The Yukawa potential can be derived in the frame of quantum
mechanics from an effective single particle Hamiltonian assuming static screening [4].
Static screening means, that the energy of the plasma, which is connected to the plasma
frequency, is large compared to the Fermi energy of the electron-hole pairs. The Yukawa
potential allows no bound state for the exciton above a certain critical value of l. Thus,
the excitons can no longer exist in a stable state above a carrier density corresponding
to the screening length, which is the Mott density nM [29].
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Figure 1.3: Plot of the (unscreened) Coulomb potential and the screened Coulomb




Band gap renormalisation Experiments have shown, that the existence of an EHP
decreases the width of the band gap for some semiconductors [5, 29]. This effect is
termed band gap renormalisation.
The Coulomb interactions in the plasma lead to repulsion resp. attraction for charge
carriers of the same resp. opposite charge. If the distribution of electron and holes
would be completely random, then the effects of attraction and repulsion should cancel
each other out and the band gap would be independent of np. But in fact, the spatial
distribution of electron and holes is not random. The Pauli principle forbids identical
fermions to be in the same state. A resulting exchange interaction increases the average
distance between two electrons resp. two holes and lowers the total energy of the system.
Furthermore, the spin-independent correlation energy leads to a lower total energy as
the probability to find a hole next to an electron is higher than finding another hole
due to the screened Coulomb potential. The strength of the correlation and exchange
interaction is proportional to np [29].
1.3.2 Charge carrier density-dependent dielectric function model
The coupled dynamics of electrons and holes in a semiconductor with a large number
of excited charge carriers can be described by the SBE. In particular, the SBE give a
description of the Coulomb-like interaction between valence band holes and conduction
band electrons as well as their interaction with phonons. They can be derived from
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many-body quantum field theory assuming the random phase approximation [4]. It was
derived by Bohn and Pines [38] to describe (collective) plasma oscillations of electrons
and means the following: There are two types of response of an electron to an external
EM wave. One type is in phase with respect to the wave producing the response,
the other type has a phase difference. The out-of-phase response depends on the exact
location of the electron in the system. As this location is in general randomly distributed,
this kind of response is averaged out to zero for a large number of electrons. The in-
phase response is independent on the electron location and provides a contribution to
the collective oscillation resulting from the external field.
Versteegh et al. solved the SBE with a matrix-inversion method and published a model
for the dependence of the dielectric function on the charge carrier density of an electron-
hole gas in a semiconductor with a direct band gap [5]. The model was supplied with
phenomenological parameters for ZnO to produce the spectra of the complex dielectric
function in dependence on the charge carrier density.
This model has been refined by Wille et al. such that the original phenomenological
excitonic contribution to the total charge carrier density has been neglected, because
the excitonic fraction at room temperature is only 14% [6]. Simulated spectra of the
refractive index, the extinction coefficient and the reflectivity (p-Polarization, 60◦ angle
of incidence) of ZnO according to the model of Wille et al. without excitonic contribu-
tions for various charge carrier densities are shown in figure 1.4. Thereby, the crystal
anisotropy is neglected, i.e. only ε⊥ is considered.
Figure 1.4: Simulated room temperature spectra of a the refractive index n, b the ex-
tinction coefficient κ and c the reflectivity according to the charge carrier dynamics model
without excitonic contribution provided in reference [6]. The spectra are calculated with
typical parameters for ZnO for different charge carrier densities: 1 · 1016 cm−3 (solid),
1 · 1017 cm−3 (dashed), 5 · 1017 cm−3 (dotted), 1 · 1018 cm−3 (dash-dotted), 5 · 1018 cm−3
(dotted), 1 · 1019 cm−3 (dashed) and 5 · 1019 cm−3 (solid). The reflectivity is calculated
from the refractive index and the extinction coefficient for p-polarization under 60◦ angle
of incidence using the Fresnel formula and neglecting the crystal anisotropy.
The range of charge carrier densities covers nominally unexcited (1 · 1016 cm−3) to
highly excited ZnO (5 · 1019 cm−3) comparing with the literature values for the Mott
density nM ≈ 5 · 1018 cm−3, i.e. the formation of an electron-hole plasma is expected
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for these model parameters. It is seen that the refractive index peak as well as the
absorption peak disappear in this model with increasing charge carrier density. For very
high density (5 · 1019 cm−3) the model predicts a negative absorption coefficient, i.e.
optical gain occurs. This affects also the reflectivity Rp, which is calculated according to
the Fresnel formula for p-polarization and 60◦ angle of incidence assuming an isotropic
system
Rp = |rp|2 =






















Here, ñ1,2 and θ1,2 are the complex refractive indices and the angle of incidence resp.
angle of refraction of two media at an interface. In equation (1.11) ñ1 = 1 (air) is assumed
and θ2 is replaced using Snell’s law. The maximal reflectivity around the energy of the
free A-exciton of ZnO disappears and the reflectivity above the band gap energy is
slightly increased. The overall reflectivity is so low (< 6%), because the simulated the
AOI is near the Brewster angle. These reflectivity spectra should be comparable with
time-resolved reflectometry or ellipsometry measurements, which are the subject of this
thesis.
1.4 Light polarization
The orientation of the electric field of an EM wave travelling in a certain spatial direction
is called the polarization of light. Given an EM wave propagating in z-direction there is
in general elliptic polarization and the special cases of linear and circular polarization.
It is also possible, that light is only partially polarized.
These features can be described very well by the Stokes vector ~S. A Stokes vector has














where S0 is the total intensity, S1 is the intensity difference of the linear polarizations in
x- and y-direction, S2 is the intensity difference of the linear polarizations in +45◦ and
−45◦ (with respect to the x-direction). S3 is given by the intensity difference between
right and left circularly polarized light.
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p is equal to one for totally polarized light and smaller than one for partially polarized
light.
A Stokes vector can be graphically represented on the Poincaré sphere. This is a sphere
of radius S0, in which the Stokes vector components S1−S3 correspond to the spatial
directions x, y, z. The Poincaré sphere is shown in figure 1.5. For partially polarized
light the degree of polarization p is smaller than one and the corresponding Stokes vector
ends at a point inside the sphere. The north and south pole of the sphere represent right
and left circular polarization, respectively.
Figure 1.5: Sketch of the Poincaré sphere. The coordinate axes are defined by equation
(1.12). The transformation from the polarization state ~S to another state ~S ′ is realised
by a Mueller matrix M .
The transformation from an initial state of polarization ~S to a final state ~S ′ is repre-
sented by a 4× 4 Mueller matrix M ,i.e. [39]
~S ′ = M~S. (1.14)
The change of the polarization state caused by polarizing elements such as retardation
plates or polarizers can be described by Mueller matrices. Frequently used Mueller
matrices for several optical elements are shown in the appendix A.2. Considering a
state-of-the-art ellipsometer employing polarizer (Mpol), analyzer (Mana) and two com-
pensators (Mcomp,i, one before and after the sample Msample) the transformation Mueller
matrix M between initial and final polarization state becomes the sequential matrix
product of the optical elements. In particular, one has
M = ManaMcomp,2MsampleMcomp,1Mpol. (1.15)
A polarizer prepares a certain polarization state. The light changes to another polariza-
tion state after the sample and gets detected after the analyzer. A detector (e.g. CCD)
measures only an intensity I and therewith only the first component of the resulting
12
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Stokes vector ~S0. The influence of additional optical elements in the beam path or cal-
ibration of the instrument can be realized by multiplying suitable Mueller matrices to
M .
The dielectric properties of the sample can be deduced by inverting equation (1.15) for
its Mueller matrix given that theMi of all optical elements i are known, the polarization
state ~S is prepared and ~S ′0 is detected. Technical details how this procedure is realized





In the already existing setup of the micro photoluminescence (µPL) laboratory it is
possible to perform time-resolved PL measurements with a streak camera. It provides
a time resolution down to 4 ps over a range of 130 ps. Therewith, it is possible to study
relaxation processes in ZnO-based devices. However, the given setup is insufficient to
resolve phenomena related to high charge carrier densities such as band-gap renormali-
sation induced by strong laser pulses, which are expected to occur on a sub-picosecond
time scale after the excitation [5].
The µPL setup has been extended in the course of this thesis with a self-built delay
line (DL) based on a commercial linear translation stage with a pair of mirrors mounted
on it. With this instrument a pump-probe technique was employed and a better tem-
poral resolution (larger than 150 fs) over a longer time range than of the streak camera
could be achieved. In addition, a micro-ellipsometry setup in reflection RCE 1 geometry,
i.e. fixed polarizer and analyzer, but rotating compensator, was installed. A micro-
scope objective of the µPL realized the one micrometer spot size of the available pulsed
titanium-sapphire (Ti:Sa) laser on the sample. The application of this objective allows
to locally create charge carrier densities being in the order of the Mott density nM, which
should have effects on the relative change of the reflectivity and ellipsometric parameters
Ψ and ∆ . This chapter involves the characteristics of the setup as well as descriptions
of the applied experimental methods. Furthermore, the experimental difficulties of this
setup and how to over come them is explained. Time-resolved ellipsometry measure-
ments on a ZnO single crystal were conducted. Therewith, the transient charge carrier
dynamics after intense optical excitation (above nM) will be studied. Conclusions for an
improved setup and requirements for a successful realization are presented at the end of
this chapter.
2.1 Methods and instrumentation
The main method in the scope of this thesis is spectroscopic ellipsometry (SE), which
can be realized in reflection or transmission geometry. A somewhat similar technique is
1rotating compensator ellipsometry
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reflectometry. Both methods will be combined with a pump-probe scheme in order to
conduct femtosecond time-resolved spectroscopic measurements.
Pump-probe spectroscopy
Pump-probe measurement techniques are used to obtain time resolution in processes
occurring on very short (e.g. femtosecond) time scales. Pump-probe techniques with
short-pulsed laser can be used to study the transient charge carrier dynamics in semi-
conductors after intense optical excitation. Two laser pulses with typically unequal
wavelength are incident on a sample. The first laser pulse (“pump”) excites charge car-
riers in the system causing changes in the physical properties of the system (e.g. the
band gap energy), whereas the second pulse (“probe”) tests the linear dielectric response
of the system in terms of reflection, absorption or transmission as the excitation decays.
The important feature of this technique is the time delay between the two pulses,
which can be controlled with an optical DL. A DL can be realized by a pair of mirrors
adjusted with a right angle between their surface normal. They are mounted on a linear
translation stage in order to create additional optical path length for the pump or probe
beam allowing for control of their relative time delay. The principle time resolution of
pump-probe methods is given by the temporal width of the probe laser pulse. Then
transmission, reflection or absorption of the probe pulse can be measured as a function
of time.
A sketch of the charge carrier dynamics after a laser pulse of appropriate energy is
shown in figure 2.1. The transient optical properties of the sample determined by the
charge carrier dynamics are subsequently examined with increasing delay between pump
and probe pulse.
A very important issue is the spot size of both beams. The diameter of the probe
beam as well as its intensity should to be much smaller than the diameter of the pump
beam in order to probe an area of homogeneous excitation and to avoid additional charge
carriers by the probe pulse. They are discussed in section 2.3.
Spectral width of the probe pulse The spectral range of a laser pulse is typically
very narrow. That means, probing with a single wavelength laser pulse requires several
measurements with different laser wavelengths to cover the spectral range of interest.
Wider spectral probe ranges compared to typical laser pulse can be generated from the
original probe pulse or with additional light sources. The synchronization of the pump
and probe pulses is the key issue for this technique. The best synchronization can be
achieved by splitting the beam of a single pulsed laser (or its harmonics). Then the
synchronization is given "naturally" by the laser.
The best approach regarding the pulse synchronization and broad spectral probe range
is the creation of a supercontinuum with the probe pulse, i.e. a pulse with broad spec-
trum of equally high intensity. Supercontinuum generation (SCG) using a picosecond,
high-intensity laser pulse passing through calcite, glasses or other media was reported by
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Figure 2.1: Sketch of the charge carrier density dynamics in a pump-probe experiment.
For zero delay both pump and probe arrive at the same time at the sample whereas for
positive delays as shown in this sketch the pump beam comes first.
Alfano and Shapiro [40]. This is a nonlinear effect to which several processes contribute,
e.g. self-focussing and self-phase modulation. A high intensity laser pulse produces an
intensity dependent change in the refractive index of the medium, in which it propa-
gates (Kerr effect). This refractive index variation in combination with the chromatic
dispersion of the medium leads to a phase shift of the different time-dependent frequency
components of the original pulse, which can then "split up" in sub-pulses. [41].
It has been reported in the literature, that SCG is possible with an amplified pulsed
Ti:Sa laser system providing a pulse energy of about 1 mJ in fairly common materials
like water, fused silica or CaF2 [42]. Unfortunately, the pulse energy of the Ti:Sa laser
available at the Semiconductor Physics Group in Leipzig is about six orders of magni-
tude less (1 nJ). Thus,SCG with the available laser using a sapphire substrate was not
successful, which has been experimentally verified [43].
Another problem arises due to the band gap energy of ZnO (3.4 eV), which corresponds
to UV light photon energy. Currently, commercially available supercontinuum light
sources lack the necessary intensity in the UV range and do not provide femtosecond
pulses. A UV suitable material for SCG is CaF2, whereby a spectral range up to 3.6 eV
can be covered (cf. figure 3.3).
As a conclusion of this consideration the second harmonic of the available Ti:Sa laser
was chosen as probe. The output wavelength of the laser was tuned during the experi-
ments and the power adjusted in order to cover a reasonable spectral range around the
ZnO band gap energy.
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Ellipsometry
Spectroscopic ellipsometry (SE) has various applications in experiments, e.g. in the
determination of the thickness of very thin films and their dielectric function. The
measured quantity is the change of the polarization state of a light beam upon reflection
or transmission on a sample. Since relative intensities for different polarization states
are measured with high precision absolute intensity values are not important. Therefore,
this method does not suffer too much from fluctuations of the intensity of the light source
in general. [39]
SE is typically done in reflection geometry (cf. figure 2.2). A light beam from a source
(laser, xenon lamp, deuterium lamp, etc.) passes through a polarizer and an (optional)
compensator, which causes a phase shift of the electromagnetic wave. The light is
then reflected off the sample. A second (optional) compensator and polarizer (so-called
analyzer) allows the analysis of the polarization state of the light. The compensators
are not mandatory, but application of two rotatable compensators enables to determine
the full Mueller matrix of the sample.
Figure 2.2: Schematic view of an ellipsometer. Φ denotes the angle of incidence. The
compensators are optional.
Assuming the absence of conversion between p- and s-polarized modes (mode conver-
sion) in ellipsometry measurements the change of polarization can be described by the





= tan (Ψ) exp (i∆) (2.1)
Ψ , ∆ represent the absolute value and the phase of ρ. In general, optical properties
cannot be calculated directly from the ellipsometric measurement values. Since Ψ and
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∆ are dependent on the angle of incidence (Φ) it is appropriate to consider the so-called






sin Φ2 + cos Φ2
]
tan Φ2. (2.2)
The pseudo-DF must not be mixed up with the pure (material) DF, because the pseudo-
DF contains already information on layer thicknesses and possibly interferences between
the layers. The pseudo-DF is equivalent to the DF only in the ideal case of an isotropic,
homogeneous, semi-infinite material without surface layer.
In order to extract physical parameters (complex refractive index, layer thickness,
electronic transition energies, charge carrier density) a layer model in connection with
a transfer matrix method is typically fit to the ellipsometry measurement data. For the
pump-probe experiments it is advantageous to use a thin film sample with a thickness
in the order of the penetration depth of the light. The small thickness allows to assume
a constant charge carrier density throughout the entire sample depth, because the pene-
tration depth l of the UV pump beam is only about 60 nm for ZnO, which is known from
measurements of the absorption coefficient α = 1/l. In effect, this reduces the number of
necessary model parameters. In contrast to that, a depth gradient of the charge carrier
density would have to be assumed for bulk samples.
Instrumentation
Several instruments, which are used in the preliminary experiments, are introduced in
this section.
Streak camera A streak camera with a time resolution of (2.0± 0.5) ps over a range
of about 130 ps in its fastest mode is available at the µPL setup at Universität Leipzig.
It is used during the preliminary experiments to determine the initial time delay between
pump and probe pulse.
The working principle of this instrument is the following: Photons arriving at different
times at a photo cathode release electrons, which are accelerated and deflected perpen-
dicular to their propagation direction by a time-dependent electric field. The electrons
get deflected according to their time of arrival in the electric field and are detected by
a phosphor screen, which emits photons. They are spatially separated and get detected
with a CCD, i.e. the spatial deflection yields immediately a time resolution for the in-
coming photons. A typical measurement with the streak camera is shown in figure 2.5b.
The limiting factor on the time resolution of a streak camera is the capability to sweep
the the deflecting voltage fast enough.
Commercial ellipsometers Several commercial ellipsometers are available in the semi-
conductor physics group at Universität Leipzig. They are used for the purpose of this
18
Chapter 2 Preliminary experiments
work to obtain a reference of the ellipsometric parameters of the studied samples, which
can then be compared to the data measured with the developed time-resolved ellipsom-
etry setup.
• VASE The VASE ellipsometer works in rotating analyzer geometry with a com-
pensator on the preparation side. The spectral range 0.75 . . . 5 eV can be cov-
ered using a xenon lamp, whereby only a single wavelength range selected by a
monochromator is incident at the sample at a time. The light gets detected at
a tandem Si-InGaAs detector. They are employed depending on the wavelength
of the incoming light. The VASE ellipsometer allows to measure the Mueller ma-
trix of a sample except for its first row with a spectral resolution up to 3 meV at
different angles of incidence, but at the cost of long measurement times.
• M2000 In this ellipsometer the light of a lamp is sent through a fixed polarizer
and a rotating compensator onto the sample, where it gets reflected. After spec-
tral dispersion by means of a grating it gets detected by a CCD. Thereby the
spectral range 0.7 . . . 3.2 eV can be simultaneously detected, which makes short
measurement times possible.
2.2 Setup
The pump-probe reflectometry resp. SE setup was integrated in the existing µPL setup,
which came along with several spatial limitations. The setup used for the ellipsometry
and reflectometry measurements is shown in figure 2.3.
The fundamental mode of a pulsed Ti:Sa laser 1 was used for second (SHG) and third
harmonic generation (THG) and afterwards immediately spectrally dispersed by a prism
2. The fundamental mode (750 nm) was immediately blocked 3 as it was not needed for
the experiment. The third harmonic (TH) of the laser (250 nm) acted as pump and was
focussed by lens L1 6 (f = 1 m). Additional path length of the pump beam is necessary
to provide equal path lengths of pump and probe beam, whereby only the probe beam
can be varied by the DL 5. The beam path has a triangular shape because of the spatial
constraints in the laboratory.
The second harmonic (SH) was used as probe beam (375 nm). It passed through the
DL and therewith gains/loses optical path length compared to the pump beam. The
diameter of the probe beam is widened by a pair of lenses L2 8, L3 10. This leads
to a smaller spot size after passing through the microscope objective 15. The form of
the probe beam and the spatial illumination on the sample was varied with pinholes
4,9. Its intensity could be tuned by a neutral density filter 11. For the ellipsometry
measurements the beam was sent through a polarizer 7 rotated by −45◦ with respect
to the plane of incidence on the sample. The polarizer (and analyzer 18) is a calcite
Glan-Taylor type polarization prism.
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Figure 2.3: Schematic view of the experimental setup used for time-resolved SE. By
removing the compensator (17) and analyzer (18) the setup can be also used for time-
resolved reflectometry measurements.
The beams are reunited at the beam splitter BS1 12. A power meter was placed
behind this beam splitter in order to monitor the temporal evolution of the laser power
during the experiments over many hours and monitor its long-term stability. Another
beam splitter BS2 14 (50 : 50) directs the beams perpendicularly through a microscope
objective2 15 onto the sample. The objective is corrected for light of 266 nm wavelength,
i.e. there is maximal transmission in the spectral range around 266 nm. The numerical
aperture NA = 0.4 allows to collect light being reflected off the sample up to an angle
of at most θ = 23.5◦. Ellipsometric measurements detect the ratio between parallel
and perpendicular (with respect to the plane of incidence) polarized light and these
polarizations cannot be distinguished at θ = 0◦, if there is no mode conversion. Reflected
light from θ = 20◦ is used in the data analysis in order to be as close as possible to the
Brewster angle of the sample material, at which the best measurement sensitivity can
be reached (cf. equation (2.1)).
2Mitutoyo Plan UV, NA = 0.4, focal length 4mm working distance 12mm
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The focal point of the objective can be fine tuned by means of a piezo crystal. For
focussing the sample holder 16 is placed on top of a lifting platform (z-stage). The
z-stage itself is placed on two linear translation stages. They allow lateral movement of
the sample in the plane parallel to its surface. The minimal step length of the sliders
is 100 nm. In order to check the focus plane a filament lamp is used to illuminate the
sample surface. A moveable mirror situated above the microscope objective can be slid
in the optical path reflecting light from the lamp or the sample to a digital camera. In
this way the focus on the sample surface and the overlap of pump and probe spot can
be adjusted.
The light from the sample passes again trough the microscope objective and BS2. In
particular, a Fourier imaging technique is used to guide the light from the sample to
the CCD detector. That means that the back focal plane of the microscope objective is
imaged via two beam expanding lenses L4 19, L5 20 to the monochromator (f = 32 cm)
21 and gets detected with a CCD array (1024×256 pixel). In all experiments the grating
with 2400 grooves per mm has been used, which provides a spectral resolution of about
1 meV at a wavelength of 375 nm and an entrance slit width of the monochromator of
100µm. When doing ellipsometry a rotatable compensator 17 and an analyzer 18 at
45◦ are placed additionally in the beam path. An achromatic quarter-wave plate made
of fused silica and MgF2 is used as compensator.
The already existing µPL software written by Dr. Thomas Nobis has been extended
with the help of M. Sc. Steffen Richter to automate the (long-term) measurements over
many DL and compensator positions.
Generation of pump and probe beam
For SHG and THG a titanium-sapphire laser (Ti:Sa) was used. The active medium
of this laser is an Al2O3 crystal, which is doped with titanium ions Ti3+. The Ti:Sa
laser is pumped with a neodymium-doped yttrium aluminium garnet laser (Nd:YAG).
It emits photons in pulses of 150 fs duration at a frequency of 76 MHz. Therefore,
the time difference between two consecutive pulses is (76 MHz)−1 = 13 ns and thus
much larger than the delay times, which can be created by the DL (max. 2 ns). That
means, the DL cannot delay the probe pulse that much, such that two consecutive pump
pulses arrive at the sample without a probe pulse in between. The temporal width of
the pulse determines the minimal resolution obtainable in this pump-probe scheme.
Passing through any dispersive medium leads to a broadening of the pulse width in
time. Therefore, the pulse width of 150 fs serves as a lower bound. The real value can
be experimentally determined by interferometric measurements (autocorrelator).
The output wavelength of the Ti:Sa laser was tuned in a spectral range around 750 nm
such that its SH (E ≈ 3.3 eV) probes the electromagnetic response of the sample at
an energy around the free exciton resonance of ZnO, where the strongest effects are
expected. Furthermore, the TH acts as pump beam (E ≈ 5 eV) and is able to excite
charge carriers well above the band gap energy of ZnO. The chosen output wavelength
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of the fundamental mode is far from 800 nm, at which the maximal pulse energy can be
created.
The SH is created by means of sum-frequency generation in a BBO (beta barium
borate) crystal, whereby the photons of the pumping wavelength generate in a non-linear
optical process a new photon of a wavelength, that is half of the original input photon
wavelength resp. double frequency. Both photonic modes have to be phase-matched by
adjusting the position of the BBO crystal to achieve efficient second harmonic generation
(SHG). The TH originates from sum-frequency generation of the original and the doubled
frequency.
The laser spot is focussed with a UV 50x microscope objective on the sample surface.
The spot size was determined my means of knife edge measurements. Thereby the laser
spot is moved over a steep edge and the laser power is measured as a function of distance.
The spot size can then be extracted by assuming a Gaussian intensity profile of the laser
beam. The drop of the measured power P (x) starting from a maximal value P0 when











where the width of the Gaussian beam w is related to its full width at half maximum
(FWHM) as FWHM = 1
2
√
2 log 2w. The knife edge scans and their modelling are shown
in figure 2.4. The FWHM of the pump beam was determined to be 1.2µm, whereas for
the probe spot 0.7µm was obtained. The spatial overlap of the spots was verified by
means of a commercial camera (cf. section A.1).
Optical delay line
An optical delay line is used to control the time delay between pump and probe pulses.
The device is self-built and consists of two mirrors arranged perpendicular to each other
mounted on a commercial linear translation stage PI micos model VT-80. The maximal
driving range of the linear stage is 30 cm, where its step motor allows a spatial resolution
of (5.0± 0.2) µm. Keeping an eye on the fact that moving the DL a distance x produces
a time delay corresponding to 2x, a maximal time delay between pump and probe pulse
of 2 ns with a temporal resolution of nominally (33± 3) fs can be realized. Nevertheless,
the time resolution of the this pump-probe method is set by the length of the probe
pulse, which is larger than 150 fs.
The time delay of the laser pulses corresponding to one step of the DL motor has
been determined with a streak camera. The working principle is explained in section
2.1. Employing this device it was found (cf. figure 2.5a) that one step is equivalent to
33 fs delay, which is in very good agreement with the expected value.
The determination of the initial temporal position of the two laser pulses, i.e. the start
position of the reflectometry/ellipsometry DL scans, was realized with the streak camera.
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Figure 2.4: Knife edge method measurement (squares) of both beam spots modelled
with a Gaussian beam profile (dotted line). A fit with an errorfunction (solid line) yields
a FWHM of 1.2µm for the pump and 0.7µm for the probe beam.
Figure 2.5: a Time delay between pump and probe pulse after moving different dis-
tances with the translation stage of the DL deduced from streak camera measurements
with the highest available time resolution of 2 ps. One step corresponds to a time delay
of 33 fs. b Streak camera measurement of the time delay between pump (about 250 nm)
and probe (about 375 nm) pulse at a given position of the DL. The time delay amounts
to approximately 7 ps. The intensity of the pump pulse has been multiplied by 5 in this
plot for better visibility.
The knowledge of the start position is important in order to adjust the step width and
the number of DL steps in a DL scan as one measurement point for ellipsometry requires
about 5 minutes due to several compensator rotation angles, which are applied. The
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start positions were always chosen such that for the first measurement points the probe
pulse arrives before the pump pulse at the sample (negative delay), i.e. one measures
the response from the unexcited sample. The negative delay in the beginning of the
DL scan serves as a sanity check, in that sense that sweeping from negative to positive
delay a step-like change in the measured quantity (e.g reflectivity change, Ψ, ∆) should
occur due to the presence of high charge carrier densities, which is known from literature
[5, 13]. After about 5 steps of the DL one reaches zero delay and successively increases
to positive delay values further.
2.3 Experimental challenges
The pump-probe technique crucially depends on the careful alignment of the laser spots.
They have to overlap and their spatial position must not be changed on scanning the
DL. In addition, a sufficiently high signal-to-noise ratio (SNR) mainly determined by
the fluctuations of the laser is mandatory to detect small changes in the ellipsometric
parameters. Furthermore, the profile of the laser spots should be spatially homogeneous.
These issues as well as the calibration of the instrument and the correction for systematic
measurement errors are described in this section.
Laser spot alignment
The overlap of the pump and probe spot is an essential requirement for the utilization of
a pump-probe technique. In the ideal case one has a pump spot, which homogeneously
illuminates the sample and whose FWHM of its intensity profile is much larger than
the probe spot. Then one prepares with each pump pulse a large area in which charge
carriers are spatially homogeneously excited. The small probe spot tests the linear
electromagnetic response of this area.
Knife edge measurements (cf. fig. 2.4) have provided a FWHM of the pump spot of
1.2µm and for the probe spot 0.7µm. Therefore, the ratio of the spot areas Aprobe/Apump
is 0.34, which is smaller than one, i.e. the the probe spot can be completely overlapped
by the probe spot. Nevertheless, it would be experimentally easier to have a probe spot
area being much smaller than the pump spot area. This was not possible to realize,
because i) the minimal area of the probe spot determined by the focal length of the
microscope objective was already reached and ii) the area of the pump spot was not
enlarged since then the ZnO Mott density could not be exceeded.
The spatial overlap of the beam spots on the sample was recorded with a commercial
camera. Pictures of the laser spots on the sample are shown in figure 2.6. The procedure
of overlapping the laser spots is detailed in the appendix A.1.
Additional requirements for exciting an area of homogeneous charge carrier density are
the homogeneous illumination of the spots. This issues is documented in the appendix
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Figure 2.6: Camera images of the laser spots on the sample. The FWHM of the pump
spot is 1.2µm and of the probe spot 0.7µm. The inset indicates the overlap of the spots.
The photograph titled as pump actually shows the green photoluminscence of the ZnO
single crystal as the pump wavelength (250 nm) cannot be detected.
A.1. Additional care was taken verifying the spatial stability of the probe spot while
moving the DL.
Laser intensity fluctuations
It was found that the laser power shows instabilities, which are not negligible. An
exemplary time series of the laser power is shown in figure 2.7a. In this measurement
series the standard deviation of the laser power from its mean value is about 30% during
a single scan of the DL. Each scan takes about 35 minutes.
A way to account for the laser instabilities is to measure the signal from a reference
and the sample itself at the same time. To that aim, a piece of a reflective filter was
brought in the beam path between the beam splitter BS2 and the microscope objective.
It was placed in a way such that the measured intensity from the reference was in the
same order of magnitude as the intensity from the sample in order to have a good SNR.
A typical spectrum displaying the signal from the sample and the reference is shown in
figure 2.7b.
Optical elements
Another source of non-idealities originates from the dispersion of the refractive index
of the optical elements. The time delay between single wavelengths of a wave packet
induced by chromatic dispersion (called chirp) of a typical material (calcite, MgF2, fused
silica) is shown in figure 3.4b. There it is assumed that light passes through a 2 mm
thick slab of a given material for which the time delay with respect to a photon energy
of 2.8 eV is calculated. It can be seen that a chirp of several hundred femtosecond
can be easily induced by thick glass optics, which would have an influence on the sub-
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Figure 2.7: a Temporal evolution of the laser power during two DL scans. The laser
power has been logged with a semiconductor diode and is proportional to the actual laser
power on the sample. The time interval for the measurements in the pump-probe mode
and the probe-only mode (pump beam blocked) are indicated. b Typical spectrum
obtained in the pump-probe micro-reflectivity scheme. The upper feature originates
from the reflection of the probe laser pulse on the sample (c-ZnO single crystal), the
lower one belongs to the reference object (reflective filter).
picosecond time resolution, which is aimed for. Therefore it is mandatory to place as
few as possible "transmittive" optical elements in the beam path before the sample. The
induced chirp can in principle be corrected for in the data analysis, but this requires
additional assumptions. It would have to be assumed, that there are no additional effects
due to the longer wavelength arriving first at the sample on the shorter wavelengths
arriving later.
Ellipsometric measurement error correction
The RCE geometry of the built ellipsometry setup can in general yield measurement
errors due to the calibration and the phase shift of the rotating compensator. Often
a correction due to background signals and intensity fluctuations of the light source is
necessary [39]. The monochromator grating can also be polarization sensitive.
Furthermore, the compensator phase shift and the reflectivity of the mirrors used in the
setup show a significant energy dependency. In addition, the change of the polarization
state due to all elements after the polarizer and before the sample has to be accounted
for. The ladder effects can be systematically accounted for in the data analysis with
wavelength-dependent corrective Mueller matrices M corri (cf. appendix A.3), which are
obtained as calibration parameters.
The last element before the compensator and analyzer is an aluminium mirror with
dielectric coating (internal name: m55). Light from the sample is incident on it under
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an angle of 45◦. SE measurements of the mirror m55 at a commercial ellipsometer
were conducted in order to determine the polarization and energy dependency of its
reflectivity. The ellipsometric parameters obtained from this measurement Ψ and ∆ at
angles of incidence from 45◦ to 75◦ in steps of 10◦ are shown in figure 2.8a. It is seen that
Ψ and ∆ are not constant in the spectral region around 3 eV. Therefore, there will be an
influence on the polarization state due to the reflection on this mirror. One can conclude
from this measurement, that a correction of the ellipsometric measurement data for the
energy and polarization dependency of the reflectivity of the mirror m55 is necessary
especially as only small effects are expected in the sample’s data [14, 15]. This has been
realized in the data evaluation by establishing a corrective Mueller matrix Mm55 for the
measured spectral range, which has the standard form for an isotropic reflecting surface
shown in section A.2.
Figure 2.8: a Plot of the ellipsometric parameters Ψ (solid), ∆ (dashed) of the mirror
m55 for various angles of incidence from 45◦ to 75◦ in steps of 10◦ measured on a
commercial ellipsometer (M2000). b Plot of Ψ and ∆ for 20◦ AOI, which are used to
construct the Mueller matrix M corrprep to correct changes of the polarization state on the
preparation side of the ellipsometer.
An additional correction is made in the data analysis for the influence of all optical
elements placed between the polarizer and the sample. In particular, the beam expander,
both beam splitters, reflective filters, the microscope objective and several mirrors may
have an effect on polarization state prepared by the polarizer. M corrprep has been obtained by
comparison of data from a ZnO single crystal measured with a commercial ellipsometer
(AOI: 45◦ . . . 75◦) and with the setup presented here.
The reference data was modelled with an undoped ZnO substrate and a top layer
containing 50% ZnO and 50% void (Bruggeman effective medium approximation, EMA
[46]). The model of the reference data was used to simulate Ψ and ∆ in the angular
range up to 24◦, which is the maximal angle being observable with the used microscope
objective. The matrix M ′sample was then constructed with these ellipsometric parameters
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to mimic the Mueller matrix of the sample. Therewith,M corrprep was obtained by numerical
inversion of equation (A.4). Thereby it is assumed that the simulated matrix M ′sample is
close enough to the true measurement values.
The spectra of Ψ and ∆ for 20◦ angle of incidence, which are used to construct this
corrective Mueller matrix are shown in figure 2.8b. It is seen that the ellipsometric
parameters show a considerable dispersion, i.e. there is a non-negligible influence of the
optical elements on the preparation side of the ellipsometer and the correction of the
initially prepared polarization state is necessary.
The background signal can be easily corrected by subtraction of the signal, which is
measured by the detector, when the laser beam is blocked. This has been done for all
measurements.
The polarization sensitivity of the monochromator grating might be an issue. But since
the last element before the grating are the analyzer at a constant angle α = 45◦ and some
mirrors only linear polarized light with the same polarization arrives at the detector.
Therefore, the mirrors and the grating weaken the intensity of the light reflected from
the sample by the same fraction for all measurements and thus no further correction is
needed.
In summary, the following measurement errors of the preliminary experiments are
corrected:
• the background signal by subtracting dark counts,
• the influence on the polarization state by the mirror before the analyzer and
• the same issue for all optical elements between the polarizer and the sample (pin-
hole, lenses, mirrors, microscope objective) by subsequent data treatment in the
form of corrective Mueller matrices.
2.4 Results
The goal of this thesis is the development of a ellipsometry setup employing a pump-
probe technique. Realizing a time resolution below picoseconds would make it possible to
study the transient dielectric function (DF) of highly excited semiconductors. The new
developed setup has been used to realize both time-integrated and time-resolved micro-
ellipsometry. Time-resolved reflectometry measurements were carried out with the same
setup, but without the compensator and polarizers. All experiments were conducted at
room temperature on a c-plane ZnO single crystal bought from the company Crystech.
The principle demonstration of the functionality and remaining problems are presented
in this chapter.
2.4.1 Time-integrated micro-ellipsometry
Time-integrated ellipsometry measurements were carried out in order to test the per-
formance of the setup by comparing the measured ellipsometric parameters with refer-
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ence data measured at commercial ellipsometers available in the Semiconductor Physics
Group. This strategy serves as a principal validation of the capability of the setup for
ellipsometric measurements.
The pulsed laser was not used for the time-integrated ellipsometry measurements.
Instead, the light source for the "probe" beam was a xenon lamp (P = 75W ), which
has a broad spectrum covering the band gap region of ZnO. The spectrum of the xenon
lamp is shown in figure 2.9.
Figure 2.9: a Spectrum of the xenon lamp used for time-integrated micro-ellipsometry.
The shaded region shows the spectral range 15% around the wavelength for which the
of the UV microscope objective is corrected (λ0 = 325 nm). The position of the free A-
exciton of ZnO at room temperature is indicated by an arrow. b Plot of the reflectivity
(black) of a c-plane ZnO single crystal at room temperature measured at the µPL setup
in comparison to the spectra of the probe laser pulse of various energies. The spectral
position of the free A-exciton in ZnO (XA) at room temperature is indicated.
The xenon lamp was installed together with the polarizer 7 after the first beam splitter
BS1 12. In order to correctly examine the influence of the lenses L2 8, L3 10 and the
beam splitter BS1 on the prepared polarization state the xenon lamp should have been
placed at the position of the polarizer instead. This was not possible, because of spatial
limitations.
For these time-integrated measurements another UV microscope objective corrected
for 325 nm wavelength was used in order to have a better SNR in the spectral range of
interest. The remaining setup was not altered.
With this setup time-integrated ellipsometry measurements on a c-plane ZnO single
crystal were conducted. Employing the ellipsometric error correction procedure de-
scribed in section 2.3 the setup function was obtained and the ellipsometric parameters
Ψ and ∆were measured. These spectra are shown in figure 2.10.
They are compared with generated data for the available angular range of the micro-
scope objective. It is seen that the measured Ψ and ∆ show the same features as the
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Figure 2.10: Top: False color plot of Ψ and ∆measured at room temperature on a
c-plane ZnO single crystal with the self-built ellipsometer using the xenon lamp for AOI
from 0◦ to 23◦. Bottom: Measured values (squares) at an angle of incidence of 20◦ are
compared with generated data (line)obtained by modelling the data measured with a
commercial ellipsometer.
generated data although they differ in absolute values by up to 2◦ in both quantities.
This indicates that the measurement error correction by Mueller matrices for preparation
and detection side are not accurate enough. One reason might be a tilt of the compen-
sator. Furthermore, the spectral dependence of the reflectivity of the mirrors behind the
analyzer and of the monochromator grating is neglected. Nevertheless, the accuracy of
the pump-probe setup should be sufficient for the detection of small relative changes in
Ψ and ∆ since a small absolute offset does not influence the determination of differences
and the changes are expected to be in the order of 5% as reported in the literature
[12, 15]. The calibration obtained from time-integrated ellipsometry measurements has
been also employed for the time-resolved measurements.
30
Chapter 2 Preliminary experiments
2.4.2 Time-resolved ellipsometry
The time-resolved ellipsometry measurements were conducted with the presented setup
in RCE configuration and employing the pump-probe scheme. The calibration obtained
from the time-integrated ellipsometry measurements was used since an offset of the
ellipsometric parameters compared to the reference measurements is expected in the
same order of magnitude as for the time-integrated measurements.
Time-resolved reflectometry measurements were carried out using the setup without
the polarizing optics, but no results are shown, because the SNR was too bad and no
meaningful reflectivity spectra could be obtained. This is mainly related to the tem-
poral instability of the laser power, which could not be compensated for with reference
measurements. It can be concluded for the same reason, that time-resolved SE measure-
ments with this setup should not be reliable. Nevertheless, these results are exemplarily
shown to indicate the necessity for improvements.
The measurement strategy was as follows: The spectral range around the free A-
exciton in ZnO (3.3 eV) was chosen as most important probe spectral range, because
the strongest effects on the DF are expected there. This range was covered with several
probe energies, which were achieved by tuning the Ti:Sa laser fundamental mode energy
(cf. figure 2.9). The spectra obtained at these individual probe energies were simply
added. This assumes, that the intensity in the spectral region of one probe beam energy
is much higher than the added noise signal from the other probe energies. Then, the
spectral "confidence interval" is in the range from 3.28 eV to 3.32 eV. The measured
signal from higher or lower energies is treated as unreliable.
After the laser fundamental mode was tuned to a certain probe wavelength its power
was adjusted by tuning the corresponding optics for SHG and THG. The cw power of
the pump pulse on the sample was between 3 and 6 mW. Due to the aforementioned
temporal instability of the laser power in combination with the long measurement dura-
tion (about 35 minutes per DL scan) and the necessary adjustment for each wavelength,
the number of excited electron-hole pairs in the sample was not constant during the time
of a DL scan.
The initial time delay between pump and probe pulse has been measured before the
DL scan with a streak camera. Two scans of the DL were conducted: A short (6 ps) time
delay interval scan with high resolution of 330 fs and a long (130 ps) one with coarse time
resolution (17 ps). The higher time resolution corresponds roughly to twice the minimal
possible time resolution given by the temporal width of the laser pulse. The scan ranges
were chosen such that for the first DL steps the pump pulse arrives after the probe
pulse, i.e. in the beginning the sample is measured without excitation. Then, scanning
of the DL and thus sweeping over the point of zero time delay should produce an "onset"
feature in the time evolution of the ellipsometric parameters.
Time-resolved SE measurements on a c-plane ZnO single crystal were conducted.
The data corresponding to 20◦ emission angle with respect to the sample was analyzed
as described in section A.3. The spectral and time-resolved absolute change of Ψ and
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∆ compared to their averaged value at negative time delay is exemplarily shown in figure
2.11.
Figure 2.11: Plot of the spectrally resolved time evolution of the absolute change of
Ψ (upper row) and ∆ (lower row). The time resolution of the short scan (left column)
was 330 fs and is higher than that of the long one (17 ps) shown in the right column.
The spectral position of the free A-exciton of ZnO is indicated by the dashed black line.
All observed features might actually be artifacts as concluded from the failure of the
time-resolved reflection experiments. Changes in the range of −2◦ · · · 5◦ and −3◦ · · · 10◦
for Ψ and ∆ , respectively, are visible during both DL scans. The changes appear to
happen more smoothly in the long scan, but this can be related to averaging over longer
time intervals. The time evolution of the ellipsometric parameters found in the two scans
at the free A-exciton energy (3.30 eV) was similar. A significant drop of ∆ resp. a sizable
increase of Ψ can be seen in a time interval of 4 ps. ∆ reaches approximately its original
value for the non-excited case after about 100 ps. The same happens for Ψ already after
50 ps.
A remarkable feature is the onset of the change in both ellipsometric parameters at
zero time delay over the entire spectral range. It appears in both Ψ and ∆, but can be
resolved only in the scan with femtosecond time resolution.
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It has to be stated, that the observed changes δ (∆) and δ (Ψ) before the onset feature
are in the same order of magnitude as after it. This behavior is not expected, because the
time difference between two pump pulses amounts to 13 ns, which should be long enough
for the majority of the excess charge carriers to relax and recombine. This means, that
δ (∆ resp.Ψ) should fluctuate around zero for negative time delays (unexcited sample).
Therefore, this experimental technique suffers very much from the fluctuations of the
pulsed laser.
Reports from the literature indicate, that the relative change of the optical properties
should be zero as long as the probe pulse arrives before the pump pulse at the sample
[5, 14, 15]. Therefore, the data is not reliable, because of the fluctuations even for
negative delays, which are in the same order of magnitude as the measured changes for
positive delay times.
2.4.3 Conclusions
Valuable conclusions can be drawn from the presented experimental results and the
performance of the setup and remaining problems were identified:
1. The data quality suffers especially from the bad SNR, which is among other things
induced by the temporally unstable laser power on short and long time scales.
It would be suitable to have a more stable pulsed laser. A better stability can
already be achieved with a higher laser pulse energy as the relative fluctuations of
the pulse intensity (number of photons per pulse) decrease with the total number of
photons per pulse (maximal relative fluctuations in single-photon source). A better
detection system employing a lock-in technique enabling to clearly reference and
track pump-only, probe-only and pump-probe intensity should also improve the
data quality.
2. It is very challenging to keep constant experimental conditions (excited charge
carrier density) even besides the unstable laser output. Only a small spectral
range around the laser peak intensity can be probed with this setup. Tuning
the laser output wavelength requires also to readjust the SHG and THG optics.
This leads inevitably to a different pump power on the sample and the necessity
to realign the laser spot overlap. Both factors change the excited charge carrier
density in the sample when scanning over the desired spectral range.
In order to probe a larger spectral range with a single laser shot a continuum white
light source with high enough intensity in the UV range around 3.3 eV is desirable.
White light creation with the available Ti:Sa laser could not be achieved.
3. The available pump power is comparably low. The initial pulse energy of the fun-
damental laser mode amounts to 1 nJ and is roughly two orders of magnitude less
in the TH pulse. High charge carrier densities (Mott density) can still be achieved
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with this setup, but at the cost of strong focusing. This in turn complicates the
overlap of pump and probe spot as well as the determination of both beam spot
sizes. Due to the small spot sizes a commercial video camera is used for overlapping
the spots, which is not suitable for the UV light pump and probe beams.
4. The optical elements (filter, mirrors, microscope objective) after the polarizer and
before the sample influence the prepared polarization state of the ellipsometry
measurements significantly making corrections necessary. Also chirp of the probe
pulse is introduced by the focusing microscope objective. It is recommendable to
remove any elements between the polarizer and the sample to make corrections
obsolete. In order to avoid chirping the laser pulse pump and probe could be
focussed separately, whereby a spherical mirror with a suitable focal length can
should then be used for the probe beam.
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Conclusive experiments at ELI
Beamlines
Several conclusions could be drawn from the preliminary pump-probe experiments at
Universität Leipzig. In particular, a pulsed laser with higher pulse energy (> 1 nJ)
and thereby lower repetition rate would improve the signal-to-noise ratio. The lower
repetition rate comes along with "averaging" over more cycles of the laser pulse in its
cavity, which suppresses temporal and spectral fluctuations significantly. For example,
amplified Ti:Sa lasers can typically provide pulse energies in the order of a few mJ
and pulse durations of only a few tens of femtoseconds and are conveniently employed
in pump-probe experiments. Furthermore, the probe beam should be replaced by a
continuum white light covering the UV range to get access to the dielectric response of
a broad spectral range with a single shot only.
The conclusions from the pump-probe experiments at Universität Leipzig lead to
a cooperation with ELI Beamlines being established during the ELI summer school
in August and the ELIps workshop in October 2016. Therewith, the availability of
improved experimental conditions (e.g. amplified Ti:Sa, white light generation) and the
experience in doing pump-probe experiments of Jakob Andreasson’s group (RP4, ELI
Beamlines) should be combined with the expertise of the ellipsometry working group
of Universität Leipzig in time-resolved ellipsometry to realize a first femtosecond time-
resolved spectroscopic ellipsometry (SE) setup.
The setup had to be built entirely new making use of the conclusions drawn from the
preliminary setup at Universität Leipzig. This involved the following modules
• Second (SHG) and third harmonic generation (THG) of the fundamental laser
output,
• Delay line with longer delay range and finer step width,
• Continuum white light generation with CaF2,
• Thin UV polarizer with sufficiently high extinction ratio while avoiding "thick"
dispersive transmission optics,
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• Sample alignment system (three spatial directions and tilt),
• Almost collinear pump and probe beams in reflection geometry
• Prism spectrometer detection system.
This chapter involves the build-up of the pump-probe setup at ELI Beamlines in Dolní
Břežany (Czech Republic), characteristics of the setup and experimental difficulties.
Pump power-dependent time-resolved reflectometry measurements on ZnO structures
are shown and discussed. The first realization of femtosecond time-resolved spectroscopic
ellipsometry is demonstrated.
3.1 Setup
The general layout of the setup is similar to the one installed in the µPL at Universität
Leipzig. The main difference comprise the non-collinear pump (angle of incidene (AOI):
45◦) and probe (AOI: 60◦) beams being focused by a lens resp. mirror to macro spot sizes.
Improvements are established by the amplified Ti:Sa laser and the continuum white light
probe beam, which is generated using CaF2. A DL with longer translation range (1 m)
and finer step width (±250 nm) enabled to cover a large time range with smaller time
steps. A commercial third harmonic generation kit was installed and optimized to create
the pump beam.
A schematic view of the entire setup is shown in figure 3.1. A photograph of the
polarizing optics in reflection geometry with the sample holder is displayed in figure 3.6.
The operation principle of the setup is as follows: The fundamental mode of the
pulsed Ti:Sa laser 1 is split by a beam sampler 2 in two parts. Only 1% is necessary to
create the continuum white light probe. The remaining intensity is attenuated further to
about 50% of the initial value by a beam splitter 17 to avoid damaging the optics for the
generation of the harmonics. The SHG (400 nm) and THG (267 nm) is realized using
BBO (beta barium borate) crystals 21, 24 and a group velocity delay compensation
plate 22. Only the third harmonic is used as pump. The temporal delay between pump
and probe pulses can be controlled with a delay line 32. The pump beam is focussed
with a UV lens 34 onto the sample.
The probe beam passes over additional optical path length provided by mirrors 3,4
in order to compensate the long distance the pump is going. The 800 nm laser output is
focussed by a lens 8 onto a 3 mm CaF2 plate to create the continuum white light probe.
An off-axis parabolic mirror 10 collimates the probe beam. A mechanical shutter and a
chopper wheel are put both in pump and probe beam to avoid unnecessary illumination
of the sample when moving the delay line resp. to realize the lock-in technique, which
significantly improves the signal-to-noise ratio. A spherical mirror 15 is used to focus
the probe beam through the wiregrid polarizer 16 onto the sample 35. The polarization
of the probe beam is 45◦ with respect to the plane of incidence. The reflected pump
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Figure 3.1: Schematic view of the setup used for the time-resolved spectroscopic el-
lipsometry measurements. Figure adapted from reference [47]. A detailed list of the
employed elements is given in section 3.1.
beam is blocked at a beam dump 45. The reflection of the probe beam is collimated
again by a lens 36 and guided through the rotatable compensator 37 and the analyzer,
which is rotated to −45◦. Another spherical mirror focusses the beam onto the entrance
slit of the prism spectrometer, where the light gets detected by a CCD camera.
A comprehensive list of the optical elements and optomechanics installed in the pump-
probe SE setup at ELI beamlines is given below. The elements are sorted by their
purpose of use and the numbers correspond to the setup scheme in figure 3.1.
Pump
20, 23 Zero order half-wave plates
21, 24 BBO crystals
22 Group velocity delay compensation plate
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7 Neutral density filter
9 CaF2 plate
10 Off-axis parabolic mirror
11 Notch filter
15, 40 Focusing concave mirrors
16 Polarizer (Metal wiregrid on fused silica substrate, exctinction ratio ER = 10−3)
Detection
37 Quarter-wave plate compensator (quartz, MgF2)
38 Analyzer (calcite, ER < 10−6)
41 Colored glass filter
42 Prism Spectrometer with CCD detector
Miscellaneous
1 Astrella Coherent pulsed Ti:Sa laser (800 nm, 6 mJ, 1 kHz)
2 Beam sampler
3, 4, 5, 18, 19 NIR flat mirrors
6, 28 Mechanical shutters
8, 36 Lens




43, 44, 45 Beam dumps
Laser and third harmonic generation (THG) For the experiments in cooperation
with ELI Beamlines, one of the two available Coherent Astrella amplified Ti:Sa lasers
was employed. This system can provide ultrashort laser pulses with a pulse energy
of 6 mJ and a pulse duration of 35 fs at a repetition rate of 1 kHz. In comparison to
that, 1 nJ pulses with 150 fs pulse width at a rate of 76 MHz are achievable with the
non-amplified Ti:Sa laser at Universität Leipzig. The lower repetition rate comes along
with much lower temporal and spectral fluctuations of the laser output improving the
signal-to-noise ratio. In addition, the higher energy per pulse allows to use larger spot
sizes on the sample while creating equal power densities. This simplifies the overlap of
pump and probe spot. Furthermore, the time resolution of the experiment is improved
by the shorter laser pulse duration and a fewer number of optical elements in the setup,
which produce a chirp in the pulse .
The third harmonic of the 800 nm fundamental mode of the laser was used in this
setup as pump beam, too. THG was realized with a commercial kit (cf. fig. 3.2).
After switching the horizontal polarisation of the laser fundamental mode to vertical by
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a first λ/2 waveplate 20, the second harmonic (SH, 400 nm) was created by non-linear
interaction (sum-frequency generation) in a first BBO crystal 21. THG takes place
in another BBO crystal 24 by means of sum frequency generation of the SH and the
fundamental mode. The primary requirement for this process is conservation of linear
momentum of the involved photons, which translates to maximizing the temporal overlap
of the fundamental and the SH pulses (phase matching). This is implemented by the
alignment of a calcite plate 22. In order to ensure equal polarization for the THG, a
second waveplate 23 is placed before the second BBO crystal, which induces a phase
shift of λ for the SH and λ/2 for the fundamental. Dichroic mirrors 25, 26 (one for
each wavelength) enable to take out the the fundamental resp. second or third harmonic
beam. Nevertheless, in practice it was observed with a portable Ocean Optics MiniUSB-
Spectrometer, that the intensity of fundamental and SH in the extracted beam after the
TH dichroic mirrors is non-negligible. The fundamental mode and the SH are attenuated
to less than 0.5% by a filter 27, which simultaneously provides 45% transmission for the
TH. The alignment procedure is documented in the appendix A.1.
Figure 3.2: Scheme of the third harmonic generation kit and its alignment. Figure
taken from Eksmaoptics [48]
With this procedure a pump pulse energy of 220 nJ of TH and the residual fundamental
mode at the sample could be obtained. To determine the fraction of the TH filters for SH
and TH were placed in the beam path. The pulse energy of the fundamental wavelength
was determined to be 190 nJ, i.e. about 30 nJ can be estimated as the actual TH pulse
energy Epulse. As the energy of the fundamental is still much higher than the TH energy
it is advantageous to block the SH and TH when measuring the intensity of the pump
beam. It is not so easy to determine the pump power at the sample precisely, because
the power measured at the detector depends on the angle of incidence on it.
From the pulse energy of the third harmonic the maximal charge carrier density n can
be calculated, when photon energy Eph, width of the pump spot d and the penetration
depth l are known. It is assumed, that each photon not being reflected gets absorbed.
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Considering further the reflectivity R of ZnO under the given experimental conditions













· (1−R) = 8 · 1018 cm−3, (3.1)
can be excited in the ZnO thin film (30 nm) used for the experiments given a pene-
tration depth l = 60 nm and a pump spot FWHM of d = 400µm. The spot size was
estimated by eye.
Continuum white light generation In the preliminary experiments the SH of a given
fundamental wavelength of the Ti:Sa laser was chosen as probe beam. The fundamental
mode wavelength was tuned during the experiments and its power adjusted in order to
probe a reasonably broad spectral range around the ZnO band gap energy. But this
method requires repeated execution of the experiment for every probe wavelength. The
necessary adjustments also regarding the spot overlap increase the difficulty to reproduce
the same experimental conditions for each wavelength.
Due to these issues it is desirable to produce directly from the laser output a continuum
white light (supercontinuum generation, SCG) covering also a decent spectral range in
the UV around 3 eV. SCG employing CaF2 was installed, whose white light spectrum
covers a range from 2 eV to 3.6 eV as it can be seen in figure 3.3. Therewith, the spectral
range around the band gap energy of ZnO can be probed. In the continuum white light
spectrum the different heights of the noise intensity in the spectra result from to the
continuous read-out of the CCD detector. As the CCD is only air cooled, dark counts are
increasing with time. The low-energy cut-off around 2 eV originates from a band-pass
filter, which attenuates the residual fundamental mode in the probe beam.
In order to avoid irreversible damage on a certain spot on the CaF2 crystal due to
the high power laser pulses, it has to be constantly rotated. The necessary rotation
frequency is rather slow (4 Hz). The intensity fluctuations in the white light spectrum
induced by the constant rotation are rather small. Nevertheless, they are accounted for
by averaging over 500 single spectra for a single measurement spectrum.
Time resolution The time resolution of a pump-probe experiment is typically deter-
mined by the temporal width of the probe pulse, because the minimal step width of
the DL corresponds usually to a much smaller time step than the probe pulse duration.
The amplified Ti:Sa laser offers 35 fs pulses, which is considerably shorter than the pulse
duration producible at Universität Leipzig, i.e. a much better time resolution can be
achieved at the ELI setup.
For THG (cf. section 3.1) the laser pulses were guided through two BBO crystals
(100µm thickness each) and a calcite plate, which compensates for group velocity dis-
persion. The non-linear interaction of the laser pulses with the crystals produces the
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Figure 3.3: Continuum white light spectrum (black) generated by non-linear interac-
tions in CaF2 reflected off Si. Didymium (red) and holmium (blue) absorption filters
are used for the calibration of the prism spectrometer.
second and third harmonic of the laser fundamental mode. Effects on the temporal
laser pulse profile are expected and their importance were estimated by simulations.
This was done by using the open-source non-linear optics software SNLO available from
A. V. Smith, AS-Photonics, Albuquerque, NM [49]. The refractive indices and other
material constants such as the group delay dispersion are provided as a look-up table
by the software module "Qmix". The software module "PW-mix-SP" can simulate the
three-wave mixing process of plane electromagnetic waves as it is the case for THG.
Thereby, lowest order Gaussian beams of specified energy and diameter are assumed.
Spatial separation of the involved laser pulses due to crystal birefringence are ignored,
but group velocity dispersion is accounted for, such that short laser pulses can be mod-
elled. Maxwell’s equations in given crystal media are solved with so-called split-step
methods to obtain a very accurate time resolution [50].
At first, SHG of two 800 nm pulses (1.2 mJ pulse energy each1) in a 100µm thick BBO
crystal was calculated. The FWHM of the simulated SH was obtained with a Gaussian
1Only 50% of the initial pulse energy of 6mJ provided by the laser are used for THG. The limitation
originates from the laser induced damage threshold of the BBO crystals. The initial laser beam
diameter of 1.1 cm (so-called 1/e2 diameter) amounts to 6.5mm FWHM diameter. An employed
1 cm aperture still encloses 80% of the initial power. Thus, 80% × 50% of the initial pulse energy
divided into two parts is used for SHG simulation.
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fit and amounted to 31 fs. The simulation yielded a SH pulse energy of 0.92 mJ. As
a second step taking these values as input parameters THG of 267 nm with a 800 nm
pulse and its SH in another BBO of the same thickness was simulated. The simulated
temporal profiles normalized to their respective maximum of the fundamental mode,
second and third harmonic after THG are shown in figure 3.4 c. The FWHM of the
TH amounts to 27 fs. The peak position of the temporal profiles correspond to the time
after which the corresponding pulse leaves the BBO crystal.
As the phase-matching condition for the generation of harmonics is in typically only
fulfilled for a narrow spectral bandwidth a temporal pulse broadening of the TH can
be expected due to the energy-time uncertainty relation. This is in contrast to the
results of the simulation. The output temporal profile is in general very sensitive to the
input parameters of the simulation. The thickness of the medium used for THG and its
dispersion, the spectral bandwidth of the input pulse and its intensity can lead to both
broadening and narrowing of the temporal pulse shape. In particular, a thin medium
with a rather flat dispersion relation can lead to a broad spectral bandwith of the TH
and therewith a narrow temporal pulse shape.
A Newport M-IMS1000LM Linear Stage with two plane mirrors mounted on it was
employed as DL. A minimal step width of 5 nm can be commanded, but only a bi-
directional repeatability of ±250 nm is guaranteed. The minimal repeatable step width
corresponds to a time resolution of 3 fs, which is much shorter than the probe pulse
duration. The DL mirrors were adjusted for the stability of the reflected beam spot
over a large distance (about 1.5 m). The adjustment was realized with two diaphragms:
one placed at the exit point of the beam from the delay line and another one in direct
extension of this line in the maximal possible distance.
At the setup in Leipzig pump and probe beam were guided collinear through the
microscope objective onto the sample. Then every part of the probe beam diameter
hits the pumped area at the same time, i.e. "feels" equal charge carrier density in the
sample. In order to avoid any unnecessary chirp of the probe pulse by optical elements
in the beam path no microscope objective was used in the setup at ELI Beamlines.
Instead pump and probe beam are focused separately. In particular, the pump beam
is focused by a 20 cm UV lens, because chirping the pump pulse does not decrease the
time resolution the spectral bandwidth of the pump pulse is narrow. In contrast to that,
the probe beam is focused by a spherical mirror to avoid chirp. The focal length of the
mirror should be around 30 cm in order to have enough space on the optical table for
the polarizer rotation stage, which could block the nearby pump beam. The focal length
should not be too large as it limits the minimal probe spot size. But this method has the
disadvantage, that pump and probe beam cannot be arranged completely collinear (cf.
fig. 3.4 a). This means, that some parts of the probe beam diameter hit the pumped
area later than others depending on the size of the pumped area d and the relative angle
φ between pump and probe beam. In other words, spatially different charge carrier
distributions are present for the probe pulse when φ 6= 0. For typical parameters of
this experiment (d = 200µm, φ = 15◦) one can estimate a delay of 170 fs caused by
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this "spot width effect". This acts as a systematic limitation on the time resolution of
this experimental technique. The limitation might be overcome in an improved setup
by spatial imaging of the spot on a CCD array. Thereby, the spatial direction of the
imaging would have to be perpendicular to the direction, which is spectrally dispersed,
in order to keep the spectral resolution. This in turn would have the disadvantage of a
lower read-out rate of the CCD (currently around 1 ms).
The chirp, which would be induced by passing through typical materials of polarizing
elements such as polarizers or compensators is exemplary shown in figure 3.4 b for MgF2,
calcite and fused silica. For time-resolved SE a broadband wiregrid polarizer was used,
which has a 2 mm thick fused silica substrate for the actual wiregrid. Then due to the
chromatic dispersion of fused silica the white light probe pulse would be stretched in
time and photons with an energy of 3.5 eV would be delayed by 75 fs compared to 2.8 eV
photons. It is possible to correct for the chirp as it can be directly calculated from the
energy shift of the reflectivity resp. ellipsometric spectra at zero delay. The correction
would mean to shift the transients measured at a certain energy E in time by ∆t, where
∆t is the chirp between a deliberately chosen central energy E0 and E.
The actual time resolution of the setup at a given energy considering the temporal
width of the probe pulse and the "spot width effect" can be estimated as 200 fs. With
the above mentioned corrections, this could be improved to the temporal probe pulse
width, which is 35 fs.
It is to mention that the actual determination of the time point of zero delay, i.e.
pump and probe arriving at the same time at the sample, is not an easy task, because
a time reference with femtosecond resolution would be necessary. In the end the choice
of zero delay is a deliberate decision. In these experiments zero delay was assigned to
the position of the DL, where the first changes in the difference signal could be detected
above the noise level.
Polarizing optics For ellipsometry in general the polarizer plays already a crucial role.
For the spectroscopic ellipsometry scheme with sub-picosecond time-resolution, which is
aimed at, the particular choice of the polarizer becomes even more important. It has to
provide a sufficient extinction ratio in the UV range while still being as thin as possible
to minimize the effect of chirping the probe pulse. Another important requirement is its
ability to be mounted in a remote controlled rotation stage.
For a linear polarizer positioned to transmit s-polarization of an incoming EM wave









= tan2 Ψ, (3.2)
where Is,p is the intensity of the transmitted s- and p-polarized light. The second and
third equality can be seen by comparison to equation (2.1). Therefore, the extinction
ratio describes, which fraction of the "unwanted" polarization is still transmitted. It
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Figure 3.4: a Scheme of the probe pulse in oblique incidence arriving on the area of
the pump spot (here under normal incidence). Not all parts of the pumped area are hit
at the same time in dependence on the relative angle φ and the diameter of the pumped
area d. Therefore (almost) collinear incidence of pump and probe beam is desirable. b
Time delay induced by the chromatic dispersion (chirp) of typically used materials for
polarizers or compensators. The delay is calculated with respect to the time it takes
the light to pass through a 2 mm thick slab of the given material at a photon energy
of 2.8 eV (corresponding to the central energy of the CaF2 continuum white light probe
spectrum). c Simulated temporal laser pulse profiles in third harmonic generation. The
data were simulated using the open-source nonlinear optics software SNLO available
from A. V. Smith, AS-Photonics, Albuquerque, NM [49]. A Gaussian fit of the 267 nm
pulse yields a temporal FWHM of 27 fs.
follows from equation (3.2), that ellipsometry measurements on a polarizer yield its
extinction ratio.
The order of magnitude of the error for ellipsometry measurements on ZnO in PSCA
configuration using an "imperfect" polarizer (ER = 0.01) was estimated by calculation.
The conclusion was, that an extinction ratio of 0.01 leads to an error of ±0.1% in
Ψ respectively ±1% in ∆ . Thus, a polarizer with an extinction ratio better than 0.01 in
the UV range is desirable.
A suitable commercial polarizer, which can easily be mounted in a rotation stage, was
found with the Thorlabs broadband wiregrid polarizer WP25M-UB. This has an array
of metallic wires sandwiched between two 1 mm thick fused silica substrates. The fused
silica will inevitably chirp the probe pulse (cf. figure 3.4b). The extinction ratio of
the wiregrid polarizer was measured with a commercial ellipsometer and compared to
the claimed specifications of the manufacturer, which is shown in figure 3.5. It can be
seen, that the polarizer almost fulfills the claimed specifications in the spectral range
around the band gap energy of ZnO. The extinction ratio is 10−3 in this spectral range
and therefore the error in Ψ and ∆ is reasonably small. It was also found by means of
ellipsometry, that the wiregrid polarizer is relatively insensitive to tilt (±5◦), i.e. it can
be placed in the focussed beam without effecting its function. This wiregrid polarizer
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has been used for the time-resolved spectroscopic ellipsometry measurements presented
in section 3.3.1.
Figure 3.5: Measured extinction ratio of the Thorlabs wiregrid polarizer WP25M-UB
being used in the time-resolved ellipsometry measurements compared to the claimed
specs. The dashed line indicates the free A-exciton energy of ZnO at 3.3 eV.
In contrast to the wiregrid polarizer before the sample a thick (≈ 1.5 cm) Glan-Taylor
prism polarizer was employed as analyzer after the sample. It is a commercial (company:
B. Halle Nachfl.) calcite polarizer with an extinction ratio better than 10−6. The
chirp induced by the thickness of the glass prisms is negligible small compared to the
integration time of the CCD, which means it does not disturb the time-resolution of
the system. The same argument holds also true for the compensator (B.Halle Nachfl.,
quartz and MgF2 quarter-wave plate, 1.5 cm thickness). It was mandatory to carefully
align the compensator and analyzer with respect to their tilt against the probe beam
since especially the function of the analyzer (Glan-Taylor, two prisms with air gap) is
very sensitive to tilt.
Sample alignment A specific sample holder is necessary to provide convenient ex-
change of samples as well as fast alignment for tilt similar to commercial ellipsometers.
In addition, it has to be movable in a way, such that the reflection geometry with 60◦
AOI of the probe beam can be checked and maintained after sample exchange.
For this purpose several commercial translation and goniometer stages have been
mounted onto each other to enable 3D movement in a volume of about 5 × 3 × 3 cm3
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and tilt in a range of 5◦ in both directions of the plane of the sample. A photograph of
the sample holder is shown in figure 3.6.
Figure 3.6: Photograph of the polarizing optics (polarizer 2, compensator 4 and ana-
lyzer 5) and the sample holder 3 enabling 3D movement and tilt alignment of the sample
without changing the height of the sample. The rotation stage of the CaF2 crystal 1 can
be seen on the right side. The pathway of the pump and probe beam is indicated.
The sample can be placed exactly at the pivot point of the goniometer stages using an
additional spacer. Then, the sample tilt can be aligned without changing the position
of the sample, i.e. the correct reflection geometry with 60◦ AOI can be maintained.
Detection Because of the lack of a grating suitable for wide spectral coverage of the
UV range, a prism spectrometer was installed. A prism offers a lower spectral resolution
compared to a grating, but shows better transmission and therewith a better signal-to-
noise can be obtained at the detector. This is advantageous for time-resolved SE since
small changes in the ellipsometric parameters are expected and high spectral resolution
is not strongly demanded for room temperature measurements. The installed fused silica
prism is transparent for wavelengths longer than 200 nm and is therefore applicable for
the UV measurements on ZnO.
The entrance slit is located in the focus point of a first UV lens (f1 = 10 cm), which
collimates the beam passing to the fused-silica prism. The angular distribution in the
collimated beam is altered according to the dispersion of the refractive index of the
prism material. A second UV lens (f2 = 40 cm) images the spectrally dispersed entrance
slit onto the detector. A CCD (1024 × 58 px, 24 × 24 µm2 area per pixel) was used as
detector. Vertical pixels can be binned, which leads to an improvement of the signal-to-
noise ratio. This in turn decreases the readout time of the full detector to less than 1
ms, which allows a repeated readout at a rate of up to 1 kHz. The dynamic range of the
CCD is about 10000 : 1.
Air cooling of the CCD leads to a high dark count rate when continuously reading it
out. This effect can be accounted for by the two-chopper technique described below. The
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CCD was mounted on translation stages and on a rotation stage, which simplifies finding
the optimal focus position. The focus was adjusted by using holmium and didymium
absorption lines, which have to appear as sharp features in the CaF2 white light spectrum
(cf. figure 3.3). In the optimal focus position the normal of the CCD plane was not
parallel to the incoming beam, because then chromatic aberrations of the second lens
can be compensated.
The signal-to-noise ratio in the pump-probe reflectometry measurements was improved
compared to the preliminary setup by employing two synchronized chopper wheels. One
is placed in the pump beam (chopping rate f1 = 250 Hz) and the other one in the probe
beam (f2 = 500 Hz). The first chopper is triggered by an electrical signal of the laser.
The second chopper is then triggered by the first one and both are synchronized to the
readout of the CCD. Thus, four different signals can be measured: 1) probe-only, 2)
pump-probe, 3) pump-only and 4) background. They are schematically shown in figure
3.7.
Figure 3.7: Scheme of the four different signals, which can be measured, when a chopper
is placed in the pump (chopping rate f1) and the probe beam (f2) each. The black area
shows the probe signal whereas the grey one stands for the pump.
The signals 2 and 1 correspond to the signal with pump beam (I2) and without pump
beam on the sample (I1), respectively. The signal 4 (I4) can be used to subtract the
current dark (background) counts of the CCD, which has an influence on the magnitude
of ∆R
R
(cf. equation (3.3)). In a one-chopper experiment a difference of 0.08 in the
relative reflectivity change has been found for two consecutive measurement series under
unchanged experimental condition due to a different number of CCD dark counts. This
number can also serve as an uncertainty estimate of the reflectometry experiment.
The pump-only signal 3 (I3) can be used to correct for the photoluminescence induced
by the pump. The probe beam can in principle also produce photoluminescence, but this
is assumed to be negligible due to the significantly lower intensity of the probe compared
to the pump beam.
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The quantity of interest is the relative change of the reflectivity ∆R
R
caused by the
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Several samples were investigated with the setup at ELI Beamlines:
• a c-plane ZnO thin film on fused silica (sample name: W3806),
• a c-plane ZnO single crystal (company: CrysTec),
• an m-plane ZnO single crystal and
• a Si wafer with 3 nm native oxide.
A thin film is advantageous in these pump-probe measurements as it can be assumed,
that the film gets homogeneously pumped, i.e. shows no depth gradient of charge carriers
(penetration depth of 5 eV pump ≈ 60 nm). Therefore, a ZnO thin film was investigated
in the reflection experiments at ELI Beamlines in contrast to the preliminary experi-
ments. Time-resolved SE was conducted on all samples. Exemplarily, the ellipsometry
results of the c-plane single crystal are presented, because the spectra of the ellipsometric
parameters are strongly influenced by the quartz glass substra for the ZnO thin film. In
this way a better insight in the actual method can be provided.
The c-plane ZnO thin film was grown by pulsed laser deposition (PLD) on a fused
silica substrate. XRD measurements on the thin film are shown in figure 3.8. The
appearance of the dominant (002) and (004) peaks of ZnO in the 2θ−ω-scan proves the
c-plane orientation of the crystal surface. The broad feature around 20◦ stems from the
substrate. A rocking curve (ω-scan) of the (002) peak yields a FWHM of 2.6◦, which
reflects the crystal quality of the thin film. Typical ZnO thin films, that are PLD-grown
at Universität Leipzig, show a FWHM of ≈ 0.8◦.
Modeling SE data from reference measurements yields a thickness of the ZnO thin film
of 29 nm. In addition, SE reference measurements were modeled to obtain the static (no
excitation) reflectivity spectrum at the AOI and polarization given at the ELI Beamlines
setup, which are employed in the analysis of the reflection measurements.
The Si wafer was used to investigate the reproducibility of the measurement with this
setup and therewith to conclude the sensitivity to small changes, because it has the best
crystal quality and high reflectivity in the spectral range of the probe beam.
Time-independent ellipsometry measurements on the commercial c-plane single crystal
were employed to validate the reproducibility of static ellipsometric spectra.
48
Chapter 3 Conclusive experiments at ELI Beamlines
Figure 3.8: XRD 2θ−ω-scan on the c-plane oriented ZnO thin film. The ZnO (002) and
(004) peaks are labelled. The ω-scan (inset) of the (002)-ZnO peak yielded a FWHM of
2.6◦.
3.3 Demonstration of functionality
The capabilities of the setup were tested on a ZnO thin film with time-resolved spectro-
scopic reflection measurements. The transient relative change of the reflectivity could
be measured over a broad spectral range. Transient spectroscopic ellipsometry mea-
surements were successfully realized on a Si wafer and c-plane, m-plane single crystals
as well as a ZnO thin film. Well known spectra of the c-plane ZnO single crystal were
reproduced. It was also shown, that the setup is very good for detecting small changes in
the ellipsometric parameters. All measurements were conducted at room temperature.
This section involves the demonstration of functionality of the setup regarding fem-
tosecond time-resolved spectroscopic reflectometry as well as ellipsometry.
3.3.1 Time-resolved reflectometry
The c-plane ZnO thin film was used for the pump-probe reflectometry measurements.
The setup was used as described above, but the polarizing elements were removed. The
pump beam with a photon energy of 4.66 eV (266 nm) was incident under 45◦ and is
perpendicularly (s-) polarized with respect to the plane of incidence. Therefore, electron-
hole pairs in ZnO well above the fundamental band gap were excited. The continuum
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white light produced from CaF2 incident under 60◦ (parallel or p-polarized) was used as
probe beam.
The spectrally resolved intensity difference of the reflected light between pumped and
un-pumped sample was measured for a range of delay times between −10 ps up to 2 ns.
During the first picosecond the step width of the DL corresponds to a time delay of 10 fs,
which is lower than the assumed probe pulse duration. For larger time scales larger time
delays were chosen, because the strongest effects are expected to appear roughly during
the first 5 ps and afterwards the system is only relaxing to its equilibrium state. The
relative change of the reflectivity for p-polarization and 60◦ angle of incidence is shown
in figure 3.9.
Figure 3.9: Measured spectra of the relative change of the reflectivity (p-polarization,
60◦ AOI) of the ZnO thin film. The different time ranges (5 ps and 50 ps) provide an
overview over the transients reflectivity changes at different spectral positions. The
measured time-dependent spectra were interpolated on a finer grid (∆t = 50 fs, ∆E =
3 meV) to provide a better view. The pump power during this measurement series
corresponds to a maximal charge carrier density of 8 ·1018 cm−3. The vertical line shows
the zero delay, whereas the horizontal line indicates the spectral position of the free
A-exciton in ZnO at room temperature.
In contrast to the results obtained in the preliminary experiments, the data show much
less fluctuations. The absence of these fluctuations is an indication for the improvement
of the signal-to-noise ratio by the lock-in technique with two choppers and the laser,
which is temporally more stable than the one used at Universität Leipzig. An indication
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for the quality of the data is the fact, that for negative delays (probe before pump, i.e
the sample is not excited) ∆R/R is zero in the entire spectrum.
The strongest decrease of the relative reflectivity (−0.25) is observed for a delay ∆t =
500 fs around an energy of 3.3 eV , which corresponds to the free A,B-exciton energy
(EAX) of ZnO at room temperature. The reflectivity arrives at its initial value later than
2 ns, which is the maximal time delay measured in this experiment. In the spectral
range below EAX the reflectivity is also decreasing (< −0.03), but not as pronounced as
above EAX . In this spectral range ∆R/R reaches zero again after about 300 ps. Above
the ZnO band gap energy there is a slight increase of the relative reflectivity (< 0.1),
which disappear after 10 ps.
The interpretation of the reflectivity spectra and a comparison to results from the
literature is presented in section 4.1.
3.3.2 Time-resolved ellipsometry
In order to determine the capabilities of the setup and to get an estimation of the
measurement uncertainty of this method time-independent SE measurements were con-
ducted first. As in the preliminary setup the aim was to reproduce well known optical
spectra of a c-plane ZnO single crystal. Furthermore, the sensitivity to small changes in
the ellipsometric parameters is investigated with a Si wafer. Time-resolved SE measure-
ments are then conducted on all ZnO samples. Exemplarily, the results of the c-plane
single crystal are presented (cf. section 3.2).
In particular, the ellipsometric parameters Ψ and ∆ resp. N, C, S were measured
over the broad spectral range of the probe continuum white light (2.0 eV to 3.6 eV)
in a time delay range of −10 ps to 2 ns. One measurement cycle included m = 10
different compensator rotation angles in steps of 0◦, 50◦, 100◦ . . . and takes about one
hour. The number m was optimized for some measurements depending on the available
measurement time. A larger m (minimum m = 4) averages out random measurement
errors and thereby provides better statistics. The data analysis was implemented in a
Matlab script written by M. Sc. Steffen Richter [51] as described in the appendix A.3.
Time-independent ellipsometry Time-independent SE measurements under the ex-
perimental conditions described above on the c-plane ZnO single crystal were carried out.
The obtained ellipsometric parameters are shown as an overview in figure 3.10. They
are compared to the reference data obtained by means of an commercial ellipsometer.
It is seen, that the characteristic features of ZnO around the band gap energy can be
reproduced. Nevertheless, all ellipsometric parameters (except Ψ around 3.3 eV) exhibit
an offset from the reference value. This absolute uncertainty is approximately in the
same order of magnitude as in the preliminary setup at Universität Leipzig. Periodic
modulations of the spectra are also clearly visible. They are originating from interference
in the air gap between the two calcite prisms making up the Glan-Taylor analyzer. It is
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Figure 3.10: Ellipsometric parameters obtained from probe-only SE measurements on
the c-plane ZnO single crystal. The blue lines show every single measurement, the green
line is the average of them and the red line show the corresponding parameters obtained
from measurements on a commercial ellipsometer (VASE). No ellipsometric calibration
has been applied at this stage of the data analysis.
to mention, that no ellipsometric calibration2 has been applied at this stage of the data
analysis. The modulation should be correctable with ellipsometric calibration as this
modulation is technically identical to a light source with such spectral modulations.
The shape of the continuum white light probe spectrum multiplied by the reflectivity
of the sample is represented in the Mueller matrix element M11. It can be seen that
the intensity of the probe beam is also fluctuating, but with a lower relative amplitude.
The necessity to correct for these fluctuations in turn justifies again the application and
usefulness of the correction with the two-chopper scheme.
In summary, the precise determination of Ψ and ∆with this setup is limited by the
experimental uncertainty, but only the detection of very small changes of the dielectric
properties should be very good. Therefore it is mandatory to determine the experimental
sensitivity to the differences measured with this setup. An estimation of the sensitivity
was obtained from "probe-probe" measurements testing the reproducibility in identical
measurements, which means the following: Due to the two-chopper scheme real-time
2Ellipsometric calibration means, that the obtained ellipsometric parameters are corrected according
to a measurement on a reference sample with respect to offset angles, imperfections or misalignment
of the polarization optics.
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probe-only and pump-probe spectra can be acquired. When the pump is blocked, then
these spectra should be identical in the ideal case. In the real experiment they should
differ only by the experimental error of the setup. Such "probe-probe" measurements
were conducted three consecutive times on a Si wafer with an oxide thickness of 3 nm. Si
was chosen since it provides the best crystal quality and reflectivity in the probe spectral
range of the available samples. The results of these measurements are shown in figure
3.11.
Figure 3.11: Difference of the ellipsometric parameters obtained from probe-probe
(pump blocked) SE measurements during three consecutive measurements on 111-
oriented Si with 3 nm native oxide.
The maximal error obtained for N, C, S is in the order of 5 · 10−3, which is quite
remarkable considering the parameter range from −1 to 1. Due to their close relationship
the error in Ψ and ∆ is also very small (up to 0.1◦) compared to typical values of them
(10◦ resp. 160◦).
It can be concluded, that the built setup and in particular the two-chopper detection
scheme is very good for investigating the expected small changes of the ellipsometric
parameters after intense optical excitation in Si and c-plane ZnO.
Time-resolved ellipsometry The c-plane ZnO single crystal was used for the pump-
probe SE measurements under the experimental conditions described before. An overview
of the spectra is shown in figure 3.12.
53
Chapter 3 Conclusive experiments at ELI Beamlines
Figure 3.12: Ellipsometric parameters obtained from pump-probe SE measurements
on the c-plane ZnO single crystal for various time delay.
A remarkable fluctuation of the intensity in the continuum white light spectrum (M11)
can be seen during the measurement time of one hour. This implies also, that the
fluctuations in the ellipsometric parameters are no artifacts of the numerical inversion
in the data analysis. It is furthermore concluded, that also for this improved setup
a real-time correction is absolutely necessary. The intensity modulation due to the
analyzer is also clearly visible. Ellipsometric calibration was also not yet applied to
these spectra. This can explain the unphysical value of N > 1 and the negative value of
< ε2 > already for zero delay, which does not agree with the reference spectra measured
on a commercial ellipsometer. Nevertheless, changes in N, C, S in the order of 0.2 are
detected. The changes in these ellipsometric parameters are also reflected in the Ψ and
∆ spectra as well as the Pseudo-DF.




The transient relative change of the reflectivity and ellipsometric parameters after intense
optical excitation was investigated on a c-plane ZnO single crystal and thin film. The
discussion of these measurement results is presented in this chapter. The reflectivity
measurements are modelled and compared to reports from the literature. First insight
in the fast charge carrier dynamics studied with pump-probe ellipsometry is given. An
outlook on the further data analysis to obtain physical model parameters of the system
is provided.
4.1 Time-resolved reflectometry
The c-plane ZnO thin film was used for the pump-probe reflectometry measurements
and the relative change of the reflectivity ∆R(∆t)
R0
was determined. The absolute value
of the reflectivity R is a quantity, which depends directly on the optical properties of
the system (refractive index, extinction coefficient) and its dependence on the charge
carrier density can be compared to predictions of the semiconductor Bloch equations
(cf. section 1.3.2). If ∆R(∆t)
R0
is measured, then the absolute reflectivity spectra can be
calculated according to







where R0 is the reflectivity of the unexcited sample. R0 has been simulated from mod-
elled room temperature reference ellipsometry data measured with a commercial ellip-
someter. The transient reflectivity for different pump powers calculated with equation
(4.1) and the data shown in figure 3.9 is presented in figure 4.1.
The overall reflectivity is only about 6%, because p-polarized light under 60◦ AOI
being near to the Brewster angle is considered. The p-polarization was provided by the
fundamental mode of the laser and a change to s-polarization would have been possible
by a halfwave plate, which in turn would produce additional chirp of the probe pulse.
The transient reflectivity was obtained at different pump powers. For 100% and 50%
of the maximal available pump power Pmax there is a pronounced decrease of the reflec-
tivity in the spectral range from 3.2 eV to 3.4 eV The strongest effect on the transient
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Figure 4.1: Power-dependent time-resolved reflectivity spectra of the ZnO thin film for
60◦ AOI and p-polarization. The measured time-dependent spectra were interpolated on
a finer grid to provide a better impression of the processes. The maximal available laser
pulse power on the sample (100%) corresponds to a maximal charge carrier density of
8 ·1018 cm−3. The vertical line shows the zero delay, whereas the horizontal line indicates
the spectral position of the free A-exciton in ZnO at room temperature. These results
can be compared to a charge carrier density dependent model of the reflectivity (left)
[5, 6].
reflectivity can be seen for the maximal pump power, where a maximal charge carrier
density of nmax = 8 · 1018 cm−3 can be created. At EA,BX the reflectivity decreases to its
minimal value of about 4% on a time scale of 500 fs. This onset time τon can be related
to the relaxation of charge carriers from their initial energy (4.65 eV) to the near band
gap region of ZnO around 3.3 eV. The maximal reflectivity R0 of the unexcited sample
is almost re-established after 300 ps (cf. figure 4.2).
These findings confirm experimental findings on ZnO in the literature [5, 13]. For
lower pump power (5,10 % Pmax )the decrease of the reflectivity is less pronounced and
the initial reflectivity is reached already earlier compared to the maximal pump power.
The observed drop of the reflectivity for high pump powers follows the model presented
in section 1.3.2 qualitatively. The predicted value of the minimal reflectivity of about
3.4% corresponds in the model to n = 1.5 · 1018 cm−3. The experimentally determined
maximal charge carrier density nmax is in good agreement with the model (factor 5 more).
The discrepancy to the model can be explained by the measurement uncertainty of the
pump power, which can only be measured just before and not directly at the sample.
In addition, the estimation of nmax neglects diffusion and relaxation times of the excited
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charge carriers. Furthermore, the model should be only valid for bulk instead of thin
film ZnO and the crystal anisotropy of ZnO is not respected.
Comparison to the model suggests also that an even higher pump power would be
desirable in order to see a stronger shift of the spectral position of maximal reflectivity
and a more pronounced drop of the reflectivity.
Figure 4.2: Measured reflectivity spectra (lines) of the c-plane ZnO thin film for selected
delay times and excited with the maximal available pump power. The reference for
selected charge carrier densities by means of the model presented in section 1.3.2 is
shown as symbols [5, 6].
The dynamics of the reflectivity can be related to the dynamics of the charge carrier
density via the oscillator strength. The reflectivity transients at the maximal pump
power for several selected energies are depicted in figure 4.3.
The reflectivity transient around EA,BX can be modelled with a bi-exponential function,
when the time delay zero is shifted to the time delay, where the minimal reflectivity is
reached. Neglecting the time necessary for relaxation of the charge carriers one can
assume, that the maximal charge carrier density nmax is reached at this shifted zero time
delay. It can be assumed, that the spectral position of the free A,B-excitons do not
change with increasing charge carrier density, because there is experimental evidence,
that the competing processes of band gap renormalization (red shift) and shrinking
exciton binding energy (blue shift) approximately cancel each other out [52]. A more
precise statement on this matter requires a detailed analysis of the spectra.
The decay model with two time constants can be motivated by two independent
processes, where one of them dominates above a certain density (Mott density nM). In
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accordance with Wille et al. fast electron-electron interaction in an EHP is dominating
above nM [6]. Screened excitons exist below the Mott density and decay (non-)radiatively
on a much longer time scale.
A line shape analysis by using a bi-exponential model













to the transient reflectivity at EA,BX data was used to extract characteristic time con-
stants τ1,2 for the measured pump power series. In addition, the onset time τon necessary
to reach the level of minimal reflectivity was also determined. The obtained parameters
are shown in table 4.1.
The short time constant τ1 close to EA,BX was found to be (5− 6) ps for all pump pow-
ers. At later times the reflectivity strives to R0 with a time constant τ2 = (90− 140 ps)
for pump powers larger than 50%Pmax (nmax = 4 · 1018 cm−3). The longer time constant
dominates the increase of the reflectivity below 10 ps.
τ1 is in excellent agreement with the one obtained by Wille et al. for the fast radiative
decay in a single ZnO nanowire. The longer time constant τ2 is also in the same order
of magnitude as the one found for a single nanowire [6].
Utilizing the obtained time constants τ1,2 from the bi-exponential model and the cal-
culated value for nmax it is possible to estimate the charge carrier density at every delay
step (cf. figure 4.3.) This assumes a linear relation between reflectivity and charge car-
rier density, which is not true for all charge carrier densities following the calculation of
Zimmermann et al. [53].
Table 4.1: Parameters τ1,2 obtained from the bi-exponential model of the transient
reflectivity at EA,BX and the onset time τon.
% Pmax τ1 (ps) τ2 (ps) τon (fs)
100 5.13± 0.01 110± 1 580
80 5.77± 0.01 139± 1 600
50 6.20± 0.01 94± 1 500
10 5.32± 0.02 257± 5 290
A more sophisticated model of the transient reflectivity has been presented by Ver-
steegh et al. [5]. It models the loss of excess energy of excited charge carriers, which are
spectrally located far above the band gap and do not strongly contribute to the reflec-
tivity at the band gap energy initially. They demonstrated, that reflectivity transients
at higher/lower energies than EA,BX , which show no monotonic behaviour and are not
considered in this work, can be successfully modelled.
In our experiment charge carriers were always created by single photon absorption
(SPA) using the third harmonic of a Ti:Sa laser whereas in results reported from the
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Figure 4.3: Reflectivity transient at EA,BX with maximal pump power corresponding to
a maximal charge carrier density of about 8 · 1018 cm−3. The reflectivity value without
pumping (R0) is indicated by the dashed line. A bi-exponential model of the transient
reflectivity yields decay constants τ1,2, which are used to designate a charge carrier
density value to each time step. The delay time "zero" was shifted to the minimal
reflectivity value. The inset shows reflectivity transients at the same pump power, but
different energies. The delay time "zero" was not shifted in the inset.
literature transient reflectivity measurements using three-photon absorption (3PA) are
typically presented [5, 13]. The utilization of 3PA for excitation has the advantage, that
a constant charge carrier density in the penetration depth of the UV probe light (ca.
60 nm in ZnO) can be assumed, because of the long penetration depth of an EM wave
with 800 nm wavelength. The disadvantage of 3PA compared to SPA is, however, that
the determination of the number of excited charge carriers is difficult since the fraction
of absorbed photons is not well known. The probability of absorbing three photons at
once is rather small, but since the number of photons in a high power femtosecond laser
pulse can be quite large1 3PA is still a feasible pump scheme. In contrast to that, the
1An 800 nm pulse of the employed Coherent Astrella laser (no filters or attenuation) contains about
1016 photons.
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excited charge carrier density can be easily estimated in SPA (cf. section 3.1). This
makes SPA more reliable in terms of the data analysis as the maximal charge carrier
density is obtained from measurements without model assumptions as in reference [5].
A comparison of the measured ∆R/R values probed at EA,BX to results of Versteegh et
al. is shown in figure 4.4.The transients measured after SPA and 3PA are qualitatively
equivalent at the energy EA,BX considering the different pump fluences. For SPA the sam-
ple was illuminated with a pump fluence of 240 mJ
m2
whereas in the 3PA measurements at
least a three orders of magnitude higher fluence was necessary. The minimal reflectivity
is reached after half a picosecond for this work and after about one picosecond in the
3PA measurements of Versteegh et al.. The initial reflectivity is reached faster in the
measurements of this work. Both observations might be due to the lower crystal quality
of the thin film compared to the single crystal used in reference [5]. Lower quality crys-
tal means higher defect density leading to a higher probability for carriers scattering at
defects. Thus, electrons can lose their excess energy faster than in the single crystal and
the contribution to the initial reflectivity decrease starts earlier. The increased proba-
bility to interact with defects can also lead to a faster recovery of the initial reflectivity
value.
4.2 Time-resolved ellipsometry
As a final step femtosecond time-resolved SE measurements were conducted. Exemplary,
the results of the c-plane ZnO single crystal are shown instead of the thin film, because
its fused silica substrate has a strong influence on the static ellipsometric parameters. It
is therefore more instructive to consider the ZnO single crystal, whose static eliipsomet-
ric parameters are well-known. The obtained pseudo-dielectric function gives a more
detailed insight in the fast carrier dynamics introduced by intense optical excitation.
The real and imaginary part of the DF for several time delays are shown in figure 4.5.
At this stage of the data analysis no corrections are applied.
It is seen, that the absolute value of the DF shows a deviation from the reference
measurement of up to 20%, but as it was discussed in section 3.3.2 changes of the
ellipsometric parameters are very precisely observable.
An effect of the charge carrier dynamics is seen in the DF. The excitonic peak at
3.3 eV is drastically decreased for time delays between 300 fs and 150 ps. This effect
can be explained by screening of the excitons by other charge carriers below the Mott
density, i.e. the Coulomb-like interaction range of the electron-hole pair is drastically
decreased. Above the Mott density excitons cease to exist as the characteristic length
of the screened Coulomb potential (Yukawa potential) becomes larger than the exciton
Bohr radius making the concept of an exciton inapplicable. The formation of an EHP
can be assumed at these delay steps and the corresponding charge carrier density.
The exciton screening comes along with a drop of the oscillator strength fX of the
excitonic peak, which is decreased at high charge carrier density. The oscillator strength
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Figure 4.4: Transient relative change of the reflectivity measured on the ZnO thin film
at EA,BX with the maximal available pump power (solid) compared to results from Ver-
steegh et al. on a ZnO single crystal (symbols). Note the different excitation wavelengths
and pump fluences [5].
is proportional to the real part of the dielectric function [32]. Using the Lyddane-Sachs-
Teller relation (1.7) a decrease of the real part of the dielectric for low frequencies (εst)
is predicted. This effect is clearly visible in < ε1 >.
Another interesting effect can be noticed in the imaginary part of the Pseudo-DF.
< ε2 > shows a pronounced negative dip in the spectral range between 2.8 eV and
3.25 eV, i.e. there are indications, that optical gain occurs in this spectral range. This
means physically, that incoming photons with such energy induce stimulated emission in
the sample instead of getting absorbed. Although< ε2 > is negative already for negative
time delay, which is inconsistent with the reference measurement, the pronounciation of
the negative dip is expected to persist even after ellipsometric calibration.
For delay times larger than 15 ps the absorption peak seems to reappear above 3.3 eV.
In a more detailed view, it seems that a peak appears at 3.5 eV and 50 ps delay. In-
terestingly this peak disappears again as the exciton absorption peak arises. From the
literature it is known, that exciton-phonon complexes (EPC) play a dominant role in
61
Chapter 4 Results and discussion
Figure 4.5: Time-resolved pseudodielectric function of the c-plane ZnO single crystal
calculated from pump-probe SE measurements. The maximal created charge carrier
density amounts to 8 · 1018 cm−3. The circles represents the reference measurement of
the sample. In the lower graphs the spectra are shifted against each other by 1 with
respect to the delay step before.
the absorption spectrum of ZnO above the band gap energy [54–56]. Therefore the peak
at 3.5 eV might be related to EPC states, which might reappear earlier than the actual
exciton states.
The pseudo-DF shows pronounced periodic modulations in the spectral range below
3.3 eV as mentioned in section 3.3.2. This interference effect is caused by the air gap
between the two calcite prism of the Glan-Taylor type analyzer.
A detailed data analysis is necessary to obtain quantitative results, because the
Pseudo-DF is only identical to the actual DF for a homogeneous, infinitely thick slab
of material without a surface layer. Therefore, the observations in the pseudo-DF can
serve only as hint for the underlying physical processes. The data has to be supplied
with a physically meaningful model in order to extract parameters such as transition
energies and amplitudes as well as the actual charge carrier density. The model has to
be fitted to the data for every time steps, but the implementation of this procedure is




The aim of this thesis was to develop a setup for femtosecond time-resolved spectroscopic
ellipsometry. On that account, two approaches employing a pump-probe technique were
carried out by using i) a tunable single wavelength laser and ii) continuum white light for
the probe beam. For the preliminary experiments with a tunable laser as probe beam,
the existing setup for photoluminescence measurements at Universität Leipzig (µPL)
has been extended in the frame of this thesis to realize the measurement techniques.
Valuable conclusions for the improvement of spectroscopic ellipsometry measurements
in a pump-probe scheme could be drawn from these preliminary experiments. Based
on these results, an entirely new setup with improved capabilities was installed in the
second approach in close cooperation with Jakob Andreasson’s working group RP4 of
ELI Beamlines (Dolní Břežany, Czech Republic)
Preliminary experiments The µPL setup was extended with a self-built delay line
(DL) and an ellipsometry setup in rotating compensator geometry. The already existing
laboratory software was extended to automate the long duration scans of the DL. The
third harmonic of a pulsed Ti:Sa laser was used as pump and its second harmonic as
probe. Pump and probe beam were focussed collinear onto the sample with a microscope
objective. The probe spectral range was set by the tuning of the fundamental laser
mode. Time-resolved spectroscopic reflectometry and ellipsometry measurements with
sub-picosecond time-resolution on a c-plane ZnO single crystal were carried out.
From these experiment one can conclude, that mainly the signal-to-noise ratio (SNR)
has to be improved, which prevented the investigation of the underlying physical mech-
anisms up to this point. It is desirable to have an amplified laser system as the higher
output power comes along with decreased laser power fluctuations. This reduces also the
necessity to focus the laser beams strongly, such that the probed area can be completely
overlapped by the pumped area. In order to be able to investigate the dielectric response
of a broad spectral range with a single shot a continuum white light probe is desirable.
It was found, that any dispersive optics in the beam path between the polarizer and
the sample should be removed as they can introduce a strong chirp of the probe pulse
leading to a reduction of the time resolution. If these optics cannot be avoided, then
thin plates are preferable.
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Cooperation with ELI Beamlines A second pump-probe SE setup was realized in
cooperation with the research program 4 (RP4) of ELI Beamlines (Dolní Břežany, Czech
Republic). The conclusions of the preliminary experiments performed at Universität
Leipzig were used to achieve improved capabilities. An amplified Coherent Astrella
pulsed Ti:Sa laser (35 fs, 6 mJ, 1 kHz) was employed and its third harmonic (266 nm) was
used as pump beam. The maximal charge carrier density induced by the pump beam was
estimated to be 8 · 1018 cm−3, which is well above the ZnO Mott density. A continuum
white light probe beam using a CaF2 crystal was created covering the spectral range
from 2 eV to 3.6 eV. The probe beam was focussed by a spherical mirror through a thin
wiregrid polarizer onto the sample to minimize the laser pulse chirp whereas the pump
beam was focussed separately using a lens. The time resolution of the setup is estimated
as 200 fs, which is mainly determined by the geometric delay effect of non-collinear pump
and probe beam.
This femtosecond ellipsometry system comprises reflective optics before the sample
everywhere it is possible and uses thin transmission optics, where it is unavoidable. An-
other remarkable improvement of the setup compared to the one used in Leipzig is the
applied two-chopper technique. This method allows to measure real time reference spec-
tra for each particular pump-probe spectrum for all compensator positions and pulse
delays, which significantly improves the SNR. The line shape of the ellipsometric pa-
rameters obtained with reference measurements using a commercial ellipsometer were
reproduced up to a small offset even without fluctuation compensation and proper el-
lipsometric calibration. The application of the two-chopper scheme yields a maximal
statistical error in the changes of N, C, S of 5 · 10−3 over the measured spectral range,
which is remarkably small considering the parameter range from −1 to 1. Therefore, this
setup provides an excellent tool to investigate small changes in the optical properties of
semiconductors caused by induced charge carriers.
Time-resolved reflectometry measurements in dependence on the pump power were
conducted on a c-plane ZnO thin film. A relative change of the reflectivity of up to
−25% on a time scale of 500 fs was found in the vicinity of the free A,B-exciton energy
of ZnO. This is in agreement with the results reported by Versteegh et al. and can
be explained by the screening of excitons due to the high charge carrier density. The
reflectivity transients were modelled with a bi-exponential function motivated by two
independent processes: a fast process caused by the electron-electron interaction in an
electron-hole plasma above nM and a slower (non-)-radiative decay of screened excitons
below nM. Characteristic decay times in the order of 5 ps resp. 100 ps could be obtained
in accordance with results reported for single nanowires [6]. A qualitative agreement of
the transient reflectivity changes, which were induced by single photon absorption and
reports in the literature using three-photon absorption was found [5].
As a final step pump-probe femtosecond time-resolved spectroscopic ellipsometry were
carried out on a c-plane ZnO single crystal. Damping of the exciton resonance induced
by the high charge carrier density was observed in the pseudo-DF. There are indications
that ε2 becomes negative in the spectral range below 3.3 eV, i.e. optical gain occurs.
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Outlook Based on the measured spectra, the impact of the charge carriers on the DF
of ZnO can be further investigated. This is of special interest for the understanding of
lasing processes and properties of optical modes in ZnO-based micro/nano wires as well
as microresonators, which are extensively studied at Universität Leipzig. It is also of
fundamental interest to explore the temporal evolution of the A,B- and C-excitons in
ZnO, which might be different for each of them. The coupling of exctions to phonons
plays an important role in the DF of ZnO considering reports from the literature [54–
56]. Therefore, this coupling mechanism is expected to show an interesting behaviour,
which can be studied with the developed setup. Furthermore, charge carrier density
dependent effects such as band gap renormalization (energy red shift) competing with
the Burstein-Moss shift (blue shift) can be investigated more deeply with the analysis
of time-resolved SE measurements. The dielectric function (DF) in dependence on the
charge carrier density can be obtained by modelling the data at every time delay, but
the implementation of such a model is beyond the scope of this thesis.
The capabilities of the setup can be improved in various ways. The absolute offset
of the ellipsometric parameters can be minimized by ellipsometric calibration. Further
optimization of the pump power would enable to study the decay of higher charge car-
rier densities. This can be achieved by a stronger focussing of both, the pump and the
probe beam. The excitation wavelength of the pump beam can be changed to 400 nm
resp. 800 nm by removing the second resp. third harmonic generation optics. Then, the
transient optical properties of various semiconductors with different band gap energies
can be studied. The spectral resolution of the setup can be improved by replacing the
prism as dispersive element in the spectrometer by a grating. A limiting factor of the
time resolution of the setup is the "spot width effect" caused by the non-parallel pump
and probe beam. Spatial imaging can account for this effect: the direction perpendicular
to the dispersed direction is thereby imaged onto a 2D CCD. This avoids integrating
over light intensity being reflected by different parts of the laser spot at different times.
Shortening the probe pulse duration would also improve the time-resolution, but with a
minor impact at higher cost. A variation of the angle of incidence of pump and probe
beam is possible by placing the polarization and focussing optics on a goniometer. Instal-
lation of a cryostate would allow for low-temperature measurements, at which electronic
resonances appear more sharply in the dielectric function spectra. The cryostate win-
dows would require additional calibration and additional chirp would be introduced to
the probe pulse. Time-resolved magneto-optical investigations (Kerr effect) to study the
time evolution of magnetization states at high charge carrier density can be realized by
placing the sample between Helmholtz coils.
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Several alignment procedures of the preliminary experiments as well as of the third
harmonic generation kit used at ELI Beamlines are presented in this section.
Laser spot alignment
In order to correctly place the spots on top of each other a crosshair on the monitor
showing the images of the camera has been used. In particular, the illumination of
the probe beam has been optimised at first. Keeping the pump beam blocked the
point of maximal intensity in the image of the probe spot was placed on the crosshair.
Afterwards the probe beam was blocked and the image of the pump spot was moved
onto the crosshair by adjusting the beam splitter BS1 and the last mirror before it in
an iterative procedure.
The camera is not able to detect the pump wavelength (250 nm). Therefore, the
(green) photoluminescence (PL) of ZnO is used to locate the pump spot. The beam spot
image of the camera may seem larger due to oversaturation. Also diffusion processes
of the charge carriers in the sample may lead to PL emission originating from a larger
area than the beam spot size. Therefore, filters are placed just before the camera in
order to weaken the overall intensity and to suppress the PL emission enabling a better
identification of the point of maximal intensity of the beam spot image.
During a typical DL scan, which takes about 35 minutes, it is however possible,
that the position of the laser spot on the sample is changed. Small thermally induced
displacements of optical elements and their holders (already in the laser itself) can lead
to spatial variations of each laser spot individually. Also vibrations from the environment
can lead to this issue. The movement of the DL produces in general a relocation of the
laser spot, too, but this error should be minimized by careful alignment of the DL.
The output wavelength of the Ti:Sa laser needed to be tuned in order to probe different
spectral ranges. This is realized by turning a micrometer screw at the laser, which aligns
a dispersive element in the laser cavity. Subsequently, all optical elements responsible
for frequency doubling and tripling have to be realigned to maintain the wanted laser
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power on the sample. It was found, that the realignment of these optical elements varies
the position of the laser beam. Therefore, the overlap of the laser spots has always been
checked and corrected after a different wavelength of the probe beam was chosen.
Even with careful realignment of the optical elements small displacements of the
strongly focussed laser spots on the sample can lead to noticeable differences in the
created charge carrier density. Therefore, the necessity of realignment is a disadvantage
of this measurement scheme since constant experimental conditions cannot be main-
tained to a high degree.
Spot illumination
The other important requirement regarding the laser spots, which has to be fulfilled in
a pump-probe experiment is their homogeneous illumination. The illumination of the
probe spot was varied by the alignment of the pinhole 9 (cf. 2.3) situated between
the beam expanding lenses L2 8, L3 10 and of the alignment of lens L3 itself. The
illumination of the pump spot could only be varied by the beam splitter BS1, although
there is a trade-off in the experiment with the overlap of the spots.
The experiments were conducted in a way, that beam splitter BS1 12 was aligned to
produce a complete overlap of the beam spots without paying attention to the illumina-
tion of the pump spot. Nevertheless, the illumination of the probe spot was optimized
as explained above. This procedure is important as the ratio of the spot areas is not
negligible compared to one.
Third harmonic generation kit
The alignment procedure of the commercial third harmonic generation (THG) kit used at
ELI Beamlines is described in the following. All elements of the THG kit were mounted,
such that they can be rotated and tilted. It turned out to be practical as alignment
strategy for optimizing the third harmonic (TH) pulse energy to optimize the second
harmonic (SH) first and to keep this configuration during the further alignment steps.
To this aim the input polarization was checked with an additional polarizer and tilt and
rotation angle of the first BBO crystal was aligned to maximize the SH pulse energy.
The calcite plate was aligned in order to not change the outgoing polarization. Here,
tilt seemed to have no effect, but the rotation angle did. The second waveplate (SH: λ,
fundamental: λ/2) was then adjusted in a way, that the polarization of the fundamental
gets turned back to horizontal. As a last step tilt and rotation angle of the THG BBO
crystal was tuned. In order to measure the TH intensity only, a grating was used to
spatially split the beam and guide it to a MiniUSB-Spectrometer.
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A.2 Jones and Mueller matrices of frequently used
optical elements
The Mueller matrices of frequently used optical elements and for coordinate system
roation are presented as an overview in the following table A.1. The table is adapted
from reference [39]. An electromagnetic wave traveling in z-direction is assumed.
A.3 Calculation of ellipsometric parameters
The Mueller matrix elements N, C, S of a sample Mueller matrix (c.f. equation (A.3))
can be calculated by simultaneous matrix inversion of equation (1.14) for at set of el-
lipsometry measurements at e.g. different compensator rotation angles. To this aim a
MATLAB script was written by M.Sc. Steffen Richter [51]. Due to the correction of
measurement errors introduced on the preparation and detection side of the ellipsometer







For the preliminary setup at Universität Leipzig the detection side Mueller matrix was
modified due to a mirror (name: m55) represented by Mm55 = M corrdet . The influence
of several filters, mirrors and the microscope objective on the preparation side of the
ellipsometer was accounted for by M corrprep, which was obtained numerically. The matrix
inversion scheme is described in the following.
Mueller matrix formalism for one individual measurement Assuming one partial
measurement i at a certain wavelength with given azimuth angles of polarizer, analyzer
















X X X X
X X X X
X X X X
M sample

Mprep,i11 X X X
Mprep,i21 X X X
Mprep,i31 X X X








where all entries indicated by X do not matter because only the total intensity Ii of
the Stokes vector ~Si arriving at the detector is measured and only the total intensity of
the incident light counts due to the initial polarizer. Here, M sample is the 4 × 4 sample
Mueller matrix, and Mprep and Mdet are the polarization preparation and detection
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Table A.1: Overview of Mueller matrices of frequently used optical elements adapted
from reference [39].
Optical element Mueller matrix
Linear polarizer 1 1
2

1 1 0 0
1 1 0 0
0 0 0 0




1 0 0 0
0 1 0 0
0 0 cos δ sin δ




1 0 0 0
0 cos 2α − sin 2α 0
0 sin 2α cos 2α 0
0 0 0 1

Isotropic reflecting surface 4

1 −N 0 0
−N 1 0 0
0 0 C S




1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

1 transmission axis is in the x-direction
2 fast axis is parallel to the x-direction, δ = 2π
λ
|n1 − n2| d
is the phase difference introduced by the compensator
depending on the wavelength λ of the EM wave and the
refractive indices n1,2 of the birefringent material of thick-
ness d
3 rotation by positive (counterclockwise) angle α looking
down the light beam towards its source
4 with the following definitions
N = cos 2Ψ (A.1)
C = sin 2Ψ cos∆ (A.2)
S = sin 2Ψ sin∆ (A.3)
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Mueller matrices of the setup, respectively. Hence, Mprep = M comp1 Mpol consists of the
respective matrices for polarizer and (if existent) compensator prior to the sample and
Mdet = ManaM comp2 of those representing the polarization optics between sample and
detector. Both contain not only information of the respective azimuth angles but also
the (wavelength-dependent) retardance induced by the compensator(s).
We can rewrite this equation by reshaping M sample as 1 × 16 vector M̌ sample and
introducing a 16× 1 setup matrix M̌ setup as follows:






44 ) , (A.6)




















= M sampleM̌ setup,i .
Set of measurements; pseudo-inversion The complete ellipsometry measurement
consists of N individual measurements with different azimuth angles of certain polariza-
tion elements. Hence, we obtain N intensity values Ii which we store in a 1×N vector
Ǐ and define a 16×N matrix ˇ̌M setup as follows:
Ǐ = (I1, I2, ..., IN) (A.9)
ˇ̌M setup = (M̌ setup,1, M̌ setup,2, ..., M̌ setup,N) . (A.10)
Each column i of ˇ̌M setup consists of the setup matrix M̌ setup,i from eq. (A.7) of an indi-
vidual partial measurement.
Now, we get a simple matrix equation covering all partial measurements, i.e.
Ǐ = M̌ sample ˇ̌M setup , (A.11)
which needs to be inverted.
Inversion of the non-squared matrix ˇ̌M setup is mathematically equivalent to solving
the least-squared problem for eq. (A.11). We write the sum of squared errors (SSE)
SSE = (Ǐ − M̌ sample ˇ̌M setup)2 , (A.12)
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and know that it is minimized, if its derivative with respect to M̌ sample (Jacobian) be-
comes a zero vector:
dSSE
dM̌ sample














)T( ˇ̌M setup ( ˇ̌M setup)T)−1 . (A.14)
Hence, we have obtained all 16 Mueller matrix elements of the sample by inverting
ˇ̌M setup. This is called Moore-Penrose pseudo-inverse. Here, it is equivalent to obtaining
the Fourier coefficients from the intensity evolution upon rotating a polarization element.
It should be noted that the pseudo-inversion of ˇ̌M setup in the general case described
above is only possible, if ˇ̌M setup has full rank, i.e., rank( ˇ̌M setup) = 16. This again is
fulfilled, if four linearly independent polarization states are prepared (cf. Mprep,i) and
probed (cf. Mdet,i).
Reduction for (pseudo-)isotropic samples In most cases, independent determination
of all 16 Mueller matrix elements is either not necessary (e.g. for isotropic samples
or under symmetry assumptions) or possible (e.g. if only one compensator is used).
Hence the above method can be simplified. For isotropic samples or samples with at
least orthorhombic symmetry, which are aligned with their main axes parallel to the









0 0 M sample33 M
sample
34






1 −N 0 0
−N 1 0 0
0 0 C S
0 0 −S C
 .
Hence, only four independent variables exist and the 16 dimensions of eq. (A.11) reduce
to four:
Ǐ = M sample11 (1, N, C, S)
ˇ̌M ′setup , (A.16)
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Then, it follows for the ellipsometric parameters:
M sample11 (1, N, C, S) =
(
ˇ̌M ′setup





















N2 + C2 + S2 . (A.21)
ˇ̌M ′setup has full rank, if four linearly independent polarizations are either prepared or
probed. Hence, usage of only one compensator is sufficient. As the incident intensity
in eq. (A.5) on the right is actually not 1, i.e., not normalized, M sample11 contains the
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